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Preface 


We hope that this book will help all those who wish to study or use 
Transferred Electron Devices (Gunn Diodes), and that it will also be 
comprehensible to those who have no previous knowledge of the subject. 
We have assumed that the reader, whether he be graduate, undergraduate 
or school leaver, will have a basic understanding of semiconductor physics 
and microwave circuits. 

Most aspects of Transferred Electron Devices are covered, from the basic 
physics to their exploitation. The different regimes of amplifier and oscillator 
operation provided by the velocity field characteristics are discussed; for 
example, transit time oscillators and amplifiers, overlength LSA, hybrid mode 
and quenched oscillators. We then describe in detail different types of 
oscillator, amplifier and logic device, and for those who wish to read further 
into the complexities of the subject, we have provided extensive references. 
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Chapter 7 


The Search for a Bulk Negative 
Resistance in Solids 


1.1 INTRODUCTION 


When J. B. Gunn in 1963 discovered that the current through a sample of 
bulk GaAs became unstable if the applied bias field exceeded a certain 
threshold value’ he reached the culmination of some ten years of world-wide 
speculation on the possibility of obtaining negative resistance and active 
effects in bulk semiconductors. With this discovery a new era of development 
of semiconductor devices was born. Prior to this discovery the role of semi- 
conductors at microwave frequencies was primarily a passive one, performing 
the functions of detection and mixing. Suddenly the possibility existed of 
replacing the existing microwave vacuum tube sources and their bulky, high 
voltage power supplies with much simpler, low voltage solid state oscillators. 
This possibility loomed large and provided the target for intense activity on 
the new effect in laboratories all over the world. 

The consequence of all this activity is that today sources based on Gunn’s 
original observation have generated new microwave applications by virtue of 
their simplicity, convenience and compactness, and they are making 
significant in-roads into the camp of the established vacuum tube sources, 
replacing low power microwave tubes just as the transistor replaced low 
frequency vacuum tubes in the 1950’s. 


1.2 NON-LINEAR CONDUCTION IN SOLIDS 


In 1827 Ohm established his famous law which states that the current through 
a solid is directly proportional to the voltage applied to it. Metals obey the law 
remarkably well; semiconductors a good deal less well. The reasons for this 
difference are two fold. Firstly the practical reason that the high conductivity 
of metals prevents the application of high fields. Secondly, and fundamentally, 
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the mean energy of the electrons in a metal is high, being measured in electron 
volts, whereas in semiconductors the mean electron energy is considerably 
less, (around 0-025 eV at 300°K). Thus when a high field is applied to a metal 
the increase in electron energy which it produces is negligible, while a high 
field applied to a semiconductor can significantly increase the mean electron 
energy (making the electrons ‘“‘hot’’) and this can alter the electron states 
which the electrons occupy, or the nature or the effectiveness of the 
scattering mechanisms to which the electrons are subject. As a result we 
cannot expect Ohm’s law to be obeyed in semiconductors, except at low fields. 
It is this complexity in the electrical behaviour of semiconductors which 
makes their behaviour so much more interesting than that of metals. 

It was a fascinating possibility that the deviation from linearity of the 
current-voltage relationship of a piece of bulk semiconductor might be 
sufficiently drastic to produce a negative slope at high fields. Shockley™ in 
1948 was the first to speculate along these lines. He saw in such an effect the 
possibility of a means of generating power at high frequencies. The theory 
which he put forward was based on the fact that the main mechanism for 
energy dissipation in semiconductors, namely scattering by thermal lattice 
vibrations, does not allow the removal of more than a small amount of energy 
from the electrons per collision and there is a maximum rate P,,,, at which 
energy can be removed from the electrons. At high electric fields the rate of 
energy input to an electron (eEv) must not exceed the rate of removal P,,,,, sO 
that we have 

eEv < Prax 


where E is the applied field and v the electron drift velocity. Hence we have 
that 


max 


e P, 
ae 
and the electron drift velocity must fall with increasing field at sufficiently high 
values of the applied field. The slope mobility dv/dE and the differential 
resistance will then be negative. A more detailed theory of this effect has been 
given by Kroemer.‘ 

This prediction led to a search for negative differential mobility in high 
fields,°" but without success. 

Subsequently Shockley showed that even if a bulk negative differential 
mobility had been present at high fields, its existence would not have been 
detected. This is because in a material biassed into a negative (differential) 
mobility region an increase in terminal voltage leads to the injection of 
additional carriers into the device, setting up a non-uniform field distribution 
through the device and producing an increase in the carrier level which more 
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than compensates for the reduction in carrier mobility. A positive terminal 
conductance therefore results. 

However, it takes time for this injection to occur and a steady state to be 
reached. The time involved is the order of the carrier transit time, so that if 
the terminal current voltage relationship could be measured in a time short 
compared to this, such a measurement could be interpreted directly in terms 
of the velocity field relationship of the carriers themselves. 

The pulsed measurement called for required considerable sophistication, 
and it was eventually carried out in 1956 by J. B. Gunn himself.‘”) Unfor- 
tunately the conclusion was that no negative differential mobility region 
existed in Germanium so the first determined quest for a bulk negative 
resistance was unsuccessful. 


1.3 NEGATIVE EFFECTIVE MASS—AN ALTERNATIVE 
APPROACH TO NEGATIVE RESISTANCE 


It was recognized that if an electron could be given sufficient energy by the 
applied field to populate the upper reaches of the conduction band, then its 
effective mass would be negative (Fig. 1.1). (A similar effect will occur for 
holes in the valence band). Under a steady field electrons at the bottom of the 
conduction band will be accelerated in the direction of the field and increase 
in energy until, above a certain energy, the effective mass becomes negative 
and the electron will be accelerated in a direction opposite to the field. Thus 
they will slow down, stop and move in the opposite direction, giving up energy 
to the field until they find themselves once more in the region of positive mass 
and their motion reverses. The electrons therefore oscillate to and fro and we 
have a current oscillation produced by the steady applied field. In practice 
however, scattering and avalanche multiplication act to limit the electron 
energy and prevent electrons from reaching negative mass regions of the 
conduction band. It is worth pointing out though that ideas for negative 
differential resistance based on the oscillation of conduction band electrons 
are still around. 


Electron 

energy 
Negative 
effective 
moss 
Positive 
effective 
mass 

0 Electron 
momentum 


Fic. 1.1. Electron energy-momentum diagram for a simple energy band, showing the 
regions in which electrons have positive and negative effective mass. 
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Kroemer pointed out in 1959 that the complex valence band structures of 
Ge and Si were such that negative mass states could be attained in practice 
by the holes since these states were available at quite low energies. The 
negative mass states occur only for holes travelling in certain directions 
through the crystal and the negative mass will only be presented to fields in a 
perpendicular direction. Kroemer thus proposed that if enough holes could be 
induced to move in these directions by applying a bias field in the correct 
crystallographic direction, then a differential negative resistance would be 
available in a direction perpendicular to the bias field. 

The major problem attending the observation of such a negative mass 
effect is that of maintaining sufficient holes travelling in the right crystal 
directions while the scattering mechanisms in general act to destroy such 
streaming of the holes. The experiment was performed, but once again a 
negative conductivity was not observed. 


1.4 EXPLOITATION OF BAND STRUCTURE 


Although failing inits particular objective, Kroemer’s ideas focussed attention 
on the possibilities which might be offered by seemingly esoteric band struc- 
ture effects. Ridley and Watkins“ and Hilsum‘? recognised that a negative 
differential conductivity could arise due to the field induced transfer of carriers 
from a set of high mobility states to a set of low mobility states into which the 
cafriers would be accelerated at high fields (Fig. 1.2). The transfer would 
occur over a range of fields and if transfer took place over a sufficiently small 
range (Fig. ].3a) then a region of negative differential mobility must ensue. 
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Fic. 1.2, Energy band structures required. &, is the familiar energy gap of the semicon- 
ductor. A is the energy separation between the two sets of conduction band states. 


ELECTRON TRANSFER IN GaAs ) 


For a material to exhibit negative conductivity it had to have a band 
structure which satisfied certain well defined requirements. Firstly there must 
exist the two sets of electronic states, with the low mobility set at a higher 
energy than the high mobility set (Fig. 1.2). Secondly the energy separation A 
must be less than the energy gap &@, or the energy input to the electrons from 
the field will lead to impact ionization of the lattice before the energy is 
reached at which transfer can begin. Thirdly, the transfer of electrons must 
occur rapidly with increasing field. 

Means of realizing the appropriate band structure with the familiar 
elemental semiconductors Ge and Si by alloying and strain were considered 
by Ridley and Watkins. However, as they note, such artificial means are not 
required since the band structure called for occurs quite naturally in many of 
the III-V compound semiconductors, and the work of Hilsum"” is concerned 
exclusively with the possibility of negative resistance due to electron transfer 
in GaAs. 


drift velocity y —>— 


Average electron 


Field £ ————>— 


Fic. 1.3. Average drift velocity versus applied field for (a) electron transfer occurring 
over a small range of field. (b) electron transfer occurring slowly with applied field. 


1.5 ELECTRON TRANSFER IN GaAs 


Figure 1.4 shows the shape of the conduction band edge in GaAs. There is a 
central valley at (000) and at higher energy subsidiary minima which occur 
along the (100) crystallographic directions. The latter we will refer to as the 
satellite valleys. At still higher energy further minima occur which lie along 
the (111) directions, but these will not concern us. 

At room temperature and for low electric fields almost all the electrons are 
near the bottom of the central valley. Because of their low effective mass the 
electrons in the central valley have high mobility (7-8000 cm2/V sec typically) 
and this high mobility means that it is comparatively easy for a strong electric 
field to accelerate the electrons, that is, to heat them up, to high energies of the 
order of the satellite valley energy. When this happens, the electrons can 
scatter into the satellite valleys and there they have a much higher effective 
mass and a much lower mobility, and they therefore contribute much less to 
the current. If this inter-valley transfer were to take place only gradually 
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Fic. 1.4.. The band structure of GaAs‘? 


with increasing field it would merely lead to a slow decrease of the conduct- 
ivity and the current would continue to rise with increasing field. However, 
the transfer sets in rapidly with increasing field, and the current decrease due 
to electron transfer into the satellite valleys is stronger than the current 
increase due to the velocity increase of those electrons that remain in the 
central valley. As a result, the overall current drops as shown in Fig. 1.5 and 
the crystal exhibits a bulk negative differential conductivity. The threshold 
for the onset of the negative conductivity is about 3kV/cm. When most of 
the electrons have been transferred into the satellite valleys, the current voltage 
relationship will be dictated solely by the mobility in the satellite valleys. 


noe) 


Current density 


J ( 


3kV/em 
Field & 


Fic. 1.5. Static current density—field characteristic for bulk n-type GaAs (schematic), 


The threshold for negative differential conductivity occurs at around 3 kV/cm. fo is the 
carrier density, v the electron drift velocity. 


1.6 DOMAINS—A CONSEQUENCE OF NEGATIVE DIFFERENTIAL MOBILITY 


It was pointed out by Reik that a crystal whose velocity field characteristic 
has a region of negative slope (Fig. 1.6(a)) will be electrically unstable, and 
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this aspect was taken up and analyzed in late 1963 by Ridley.“ The basic 
ideas can be outlined as follows. Consider a voltage applied to the crystal such 
that the field everywhere in the crystal E,4, lies just above the threshold value 
for negative differential mobility. Now consider what happens when a random 
fluctuation of carrier density occurs at some point in the crystal, of the form 
shown in Fig. 1.6(b). There will be an increase in the field locally at this space 
charge region and because we are in a region of negative slope mobility, this 
will lead to a reduction in electron velocity. Hence the electrons ahead of the 
fluctuation will travel faster and move away from the fluctuation while those 
behind will pile into the back of it. In consequence the dipolar fluctuation will 
grow in amplitude until the crystal stabilizes itself. The field in the crystal 
corresponding to the stable state is shown in Fig. 1.6(c). Ey is the field in the 
large amplitude dipole “‘domain”’ to which the fluctuation has grown and E; 
the field elsewhere in the crystal. Prior to the growth of the domain the current 
flowing will be given by J = noev,, while after domain formation it will be 
given by J = noev,. Since v,, > vgit is clear that there isa fall in sample current 
associated with the growth of a domain. 


s 
c 
2 
rs) (b) 
> = 
= @ 
5 : 
wD n, 
s Re 0 
a 
rd 
. 
lo} 
ro) 
Distance 
~~ 
. 
wn 
3 ® 
oF = 
uw c 
£, ® 
fs 
EL é 


Distance Time 


Fic. 1.6. (a) A velocity-field curve with a region of negative slope. (b) A local dipolar 

fluctuation in carrier density, (c) Steady state form of field distribution after growth of the 

dipolar fluctuation. (d) Time dependence of current density in the crystal. The rapid rise 

and fall of current are associated with the exit of a domain at the anode, and re-nucleation 
of a new domain in the crystal. 


Since the domain consists of mobile electrons it moves along with the 
electrons from the negative to the positive electrode. As the high field domain 
disappears into the positive electrode, the field E, outside the domain, and 
therefore the current through the sample, increase towards their threshold 
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values. As these threshold values are reached, a new high field domain will 
grow and the current decreases again. In this way periodic current oscillations 
(Fig. 1.6(d)) and periodically propagating space charge layers are generated. 


1.7 MICROWAVE OSCILLATIONS OBSERVED IN GaAs AND InP 


At this point in time (late 1963) all the main contributions to the theory of 
electron transfer effects had been made, negative slope mobilities had been 
postulated to exist in some semiconductors, Hilsum had worked out detailed 
figures relating to GaAs, and Ridley had presented a picture of how such 
negative mobilities would manifest themselves to the external world. All that 
was required was an experiment to clinch the theoretical predictions. Curiously 
enough the experiment had been performed already, a few months prior to 
the publication of Ridley’s work on domains. It was unwittingly carried out 
by J. B. Gunn.“ He had been examining the behaviour of bulk GaAs and InP 
samples in high fields when he found that above a certain threshold field, the 
current flowing through his samples became unstable and oscillated with a 
frequency related to the sample thickness. Figure 1.7 shows a typical current 
wave shape as observed by Gunn.“13) The measurements are pulsed and the 
steady current trace is for an applied voltage just below the threshold value. 
At a voltage above threshold the current is observed to oscillate with a 
maximum value equal to the current at threshold. 


Fic. 1.7. Typical current oscillation as observed by Gunn.“ The non-oscillating cur- 
rent pulse is for a bias field just below threshold, the oscillating curve is for a bias just 
above threshold. The scales are 45 mA and 2 nsec per division. 


1.8 INTERPRETATION OF THE GUNN EFFECT 


Although in retrospect the electron transfer effect was a clear candidate to 
provide the explanation for Gunn’s observations, this effect suffered from the 
disadvantage that it was only hypothetical, and that other active effects in 
solids were in existence and were proven; in particular amplification of 
acoustic waves in piezoelectric semiconductors by an electron stream travell- 
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ing at a velocity slightly higher than the velocity of sound.{!*) Gunn con- 
sidered such an interaction and rejected it on the grounds that the electron 
velocity in GaAs at the oscillation threshold was orders of magnitude greater 
than the velocity of sound. Instead he proposed a mechanism involving the 
amplification of optical phonons by the drifting electrons.4* 

Among other active effects considered by Gunn were the two stream 
instability which is well known in vacuum tubes,‘!>) and a possible mechanism 
which necessitated energy dependent scattering of the electrons such that at 
high electron energies the increasing effectiveness of the scattering would 
actually lead to a drift velocity which decreased with increasing field.» 

Gunn did in fact consider the electron transfer mechanism as a possible 
explanation and dismissed it on the grounds that the electron temperature 
required for transfer, as estimated by Ridley and Watkins,“ was of the 
order of 4000°K while his measurements indicated considerably lower 
temperatures. In fact this estimate contained an over simplified approximation 
and the more accurate calculations of electron temperature by Hilsum“” 
were overlooked by Gunn. Kroemer pointed this out in a letter published in 
late 1964") in which he examined in detail all the facts then known about the 
Gunn Effect and concluded that the most likely explanation for Gunn’s 
observations was electron transfer to satellite minima. He further suggested 
that domains should be present in accordance with Ridley’s predictions,“!”) 
not knowing that Gunn had in fact already observed and reported on such 
domains.” 

The feeling grew that electron transfer was responsible for the oscillations 
and all reasonable doubts were removed in early 1965 by the experiment of 
Hutson et al.“®) This showed that with increasing hydrostatic pressure the 
threshold field for oscillations would first decrease, and then at pressures 
above 26 kbar the oscillations would disappear altogether. This behaviour 
was consistent with the known movement of the satellite minima in GaAs 
relative to the central minimum, namely that the energy separation reduces 
with increasing pressure and goes to zero at around 30 kbar. Thus we would 
expect just such a reduction in the threshold field for transfer, with no transfer 
effect at all occurring when the minima were at approximately the same energy. 

In the months following the weight of evidence for electron transfer con- 
tinued to increase. Allen et al partially substituted Phosphorus for Arsenic 
in GaAs, modifying the band structure in a similar way to that of the pressure 
experiment, and confirmed the disappearance of oscillation for a sufficient 
proportion of Phosphorus in the alloy. The effect had already been observed 
in InP as well and now it was observed in CdTe too,?” both semiconduct- 
ors being known to have the appropriate conduction band structure. 

The effect was not found in any p-type semiconductor, consistent with the 
absence of satellite minima in the valence band of semiconductors with a Zinc 
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Blende type of lattice. Nor was it found in any semiconductor with low 
mobility valleys below a high mobility valley (e.g. Ge, Si, GaP). Nor in a 
semiconductor where low mobility valleys lie at an energy above a high 
mobility valley but where this separation is greater than the energy gap 
(e.g. InSb, InAs). In the latter case avalanching will occur which prevents the 
field for transfer being attained. 

By the end of 1965 it was abundantly clear that a true bulk negative resist- 
ance effect in solid had at last been found, that it was due to the mechanism of 
electron transfer between high and low mobility states in the conduction band 
of a few semiconductors with the appropriate band structure (notably GaAs, 
InP, CdTe), and that it was capable of being exploited to provide a simple 
semiconductor source for the generation of pulsed‘? and C.W. power'?”:2%) 
at microwave frequencies. It was also known by then that under certain 
conditions the devices could also be stabilized and used to amplify microwave 
signals.) 


1.9 THE AVALANCHE DIODE—ANOTHER MICROWAVE 
SEMICONDUCTOR GENERATOR 


At the same time another candidate for direct generation from semiconductors 
at microwave frequencies had arrived on the scene.‘?°) This was the 
Avalanche Diode or Impatt Diode (IMPact Avalanche and Transit Time) 
which also depended on the properties of hot electrons in solids.*°) This 
device however could in principle be fabricated in any semiconductor, since 
it does not rely on any property peculiar to a particular group of semi- 
conductors as does the transferred electron effect. 


PLN I WW ~ ta) 
Intrinsic 


(b) 


Field 


Distance 


Fia. 1.8.(a) Structure for Avalanche Diode Oscillator proposed by Read.‘?® (b) Field 
distribution for reverse bias. 


It utilises a semiconductor in which a junction formed at one end is reverse 
biassed into avalanche breakdown and the carriers produced in the 
avalanche drift across the crystal to the collecting electrode. The structure 
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originally proposed for such a device’? is shown in Fig. 1.8(a), with the field 
distribution being as shown in Fig. 1.8(b). The high field at the junction is 
sufficient to cause an avalanche at this point and the field in the intrinsic zone 
is high enough for all the carriers to drift across it with a constant 
“saturated” velocity (see Section 2.6.1) which is independent of the field 
magnitude. In effect we have a situation analogous to that in a vacuum tube 
where an electrode at one end injects carriers into a drift space. The device 
oscillates by virtue of a phase lag (of 180° ideally) between the applied voltage 
and the resulting current. The phase lag is due partly to the inductive nature of 
the avalanche process and partly to the time taken by the carriers produced 
in the avalanche to drift across the intrinsic zone to the collecting electrode. 
A more detailed description of the operation of this device can be found in 
Ref, 27. 

Thus by late 1965 the curtain had been well and truly raised on the era of 
microwave generation by bulk effects in semiconductors. From that time our 
understanding of the effects has considerably improved and new ways of 
using the devices have been discovered.?*:?9) The pace has been fast and 
furious as we have sought to improve device performance by better under- 
standing and better control of material and device technologies. The stage 
has now been reached where the pace of research has steadied and much of 
the emphasis is on development of devices for applications, many of which 
are novel, taking advantage of the unique properties of the new microwave 
sources. 

In this Book we set out in detail all aspects of the Transferred Electron 
Effect, from the fundamentals of the velocity-field relationship (Chapter 3) 
to the applications which the devices are now finding (Chapter 10), with due 
attention paid to the basic technologies of material growth and device fabri- 
cation (Chapter 11). By far the most important transferred electron material 
is GaAs and it is on GaAs that we have concentrated throughout. In Chapter 
12 we try to indicate future developments in the field and what new transferred 
electron materials might be involved. 
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Chapter 2 


Relevant Semiconductor Properties 


2.1 INTRODUCTION 


In this chapter we introduce the basic ideas of semiconductor physics which 
are relevant to the electron transfer effect. In the first part of the chapter the 
object is to indicate the fundamentals without going into more detail than is 
sufficient to give the reader an appreciation of the origin of the band 
structure of semiconductors and of the basis for the semi classical model of 
electron motion. The processes which determine electron motion in a semi- 
conductor are then examined, and particular attention is paid to effects which 
arise when applied fields are high and electrons “hot”. Aspects such as 
carrier diffusion and dielectric relaxation which are important in non-uniform 
situations are examined towards the end of the chapter. The behaviour of 
electron density fluctuations in a moving electron system is analysed in 
detail because of its particular relevance to the transferred electron effect. 


2.2 THE WAVE MECHANICAL THEORY OF SEMICONDUCTORS 
2.2.1 THE WAVE FUNCTION AND OBSERVABLES 


A number of physical experiments, the most notable being the phenomenon 
of electron diffraction, force us to abandon a concept of the electron as a 
simple particle obeying the laws of classical mechanics. The electron is seen 
to have properties which imply a wave-like character and in seeking to 
explain our observations we naturally attempt to describe the electron in 
a manner which accords it such a wave-like character. We find that our 
observations can be explained if we describe the electron by a wave- 
function w which is a solution of the Schrédinger wave equation. The one- 
dimensional, time dependent, form of the equation is 

h? oy eb 


aoe te on 


13 


(2.1) 
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where V(x) is the potential energy, h is Planck’s constant and m the 
electron mass. 

It is instructive to examine the form of the wave function yw for an 
electron in a simple system having constant potential energy V. As is 
customary in the solution of wave equations, we look for a simple solution 
of the type 

w = expj(kx — wt) (2.2) 


representing a wave of frequency w and wavelength 2z/k. Putting this into 
Eqn (2.1) we find that 
h?k? 
2m 


= [ho — VJ. (2.3) 


From Planck’s relation we identify hw as the electron energy & and since 
V is the potential energy, 4”k?/2m represents the kinetic energy of the 
electron. Thus hk can be identified as a parameter equivalent to the 
classical quantity momentum. The electron momentum p is thus given by 
p = hk =h/A where A is the electron wavelength, and this is the relation- 
ship between electron momentum and wavelength which emerges from 
experiments on electron diffraction. In a simple, constant potential system 
the electron wave function is thus 


w = expj(kx — ot) = exp 2 (px — &t). (2.4) 


The wave function itself has no physical significance. It cannot be measured 
experimentally. Its value lies in the fact that a knowledge of it allows all 
the quantities in a system which are physically observable to be calculated, 
and after all it is only the physical observables which are of interest to us. 
The approach to any problem in wave mechanics is to solve the 
Schrédinger equation for the system, subject to whatever boundary 
conditions are imposed, and then to deduce all that needs to be known about 
the system from a knowledge of y. 

Knowledge of the wave function enables us to calculate the probability 
PQ) eet a given electron is in an interval dx. The probability is given 
by 1,2 

P(x) = wry dx (2.5) 


and since the electron must exist somewhere it follows that fau space W* dx is 
unity. 

Once the wave function y is known, the average or expectation value of 
any physical parameter is calculable. Thus the expectation value of the 
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position x is given by 


Xx> = Jy*xy dx. (2.6) 


Likewise the expectation value for the electron momentum p can be 
determined by evaluating 


<p> = Jw*pw dx. (2.7) 


From Eqn (2.4) we can deduce that p = h/j. 0/0x, and if we assume that this 
also holds for varying potentials, then Eqn (2.7) can be re-written 


h o 
cy = ft [=F] vax (28) 
j ox 

In a similar manner the average value of all the physical observables q can 
be determined from a knowledge of the wave function by evaluating 


<q> = Ju* Qudx (2.9) 


where Q is some operator associated with the observable q just as 
[h|j. 0/0x] is the operator associated with the observable momentum. 


2.2.2 ELECTRON IN A CONSTANT POTENTIAL 


The problem which we want to solve is that of electron motion in a crystal. 
However it will be instructive first to determine the electron wave functions 
for the simplest systems. 

The elementary case of an electron moving in a region of constant potential 
has been solved already. There it was shown that the electron wave function 
has the simple form given in Eqn (2.4), and that there is also a simple 
relationship between electron energy and wave vector k viz. €=V+ 
(h?k?)/2m. So if we plot Energy against wave vector we obtain a simple 
parabola as shown in Fig. 2.1. For the free electron case (V =0) the 
parabola will pass through the origin. 


& 


O A 


Fic. 2.1. Energy versus wave number for an electron wave in a system with constant 
potential V, 
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If the region in which the electron moves is unbounded then the 
electron wave number, and thus the electron energy, can take up any value. If 
however the region is bounded, we can readily show that only certain values 
of & and k become permissible. For example we take the system illustrated 
in Fig. 2.2(a) where the electron can move in a well which is bounded 
at x = 0, Lby infinite potential barriers. We look for solutions of the form 


= WG) exp — jot = YO) exp - 5S (2.10) 
so that Eqn (2.1) becomes 
h2 2 
— FTO + veayy) = 64) Q.11) 


which is the time independent form of the Schrédinger equation. For 
0>x >L, W(x) = 0 and if we choose V(x) = 0 for 0 < x < L, as we are 
at liberty to do, then Eqn (2.11) becomes 


W(x) ms 


ae ee VO = RO (2.12) 


o o 


Cade sees 


Wove number « 


Fic. 2.2. (a) Model for electron in confined region. (b) Form of the electron wave func- 
tions corresponding to the two lowest order solutions. (c) The discrete €-& solutions for 
electron waves in a confined region. 
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where 
C=. (2.13) 


The required solutions for w(x) are then (x) = Asinkx where the 
boundary conditions at x = 0, Ldictate that KL = nz where n is an integer. 
The electron wave number thus takes on discrete values in this case. The 
two lowest order wave functions are shown in Fig. 2.2(b). From Eqn (2.13) 
we have that & = h?k?/2m so that the allowable energy states and 
corresponding wave numbers for electrons in the potential well are illustrated 
in Fig. 2.2(c). 

The problem can be readily extended to three dimensions and by assuming 
that the wave function takes the form 


Y= WO VOY @exp — Ft 


We find that the electron energy is given by 
h? 
6=—[k +k? +k,7) (2.14) 
2m 


where k,, k,, k, are the components of the electron wave vector along the 
x, y and z directions in space. If the region is bounded in all three directions 
then the solutions for k,, k, and k, will all take discrete values. 

From Eqn (2.14) it is evident that if the surfaces of constant electron 
energy are plotted in k-space they will have a spherical form, as shown in 
Fig. 3. 


Constont energy 
surface (spherical) 


A, 
Fic. 2.3. Constant energy surface in k-space. 


2.2.3 ELECTRON IN A CRYSTAL 


An electron moving through a crystal will be subject to a periodic variation 
of potential, the periodicity being that of the crystal lattice, ie. V(x) = 

_V{x) *1 where 1 is the lattice spacing. In principle knowledge of the 
V(x+t) 
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potential distribution allows us to solve for the behaviour of the electrons 
in the crystal, in particular for the allowed energy states. However in 
practice the real problem is very complex since each electron in the crystal 
moves in a potential which is due to the potential of the nuclei and to the 
potential of all the other electrons in the system. Thus to solve for the wave 
function of a given electron we must know all the other electron wave 
functions first! For a simple system, such as the Helium atom, the solution 
can be arrived at by a process of guessing the wave functions for the first 
electron, calculating the wave function of the second, using it to calculate 
the wave function of the first, and a process of iterations is entered into until 
a self consistent solution is arrived at. 

The problem of determining the electron states in a semiconducting 
crystal, however, where electrons are present in numbers of around 107+ 
per cc, is impossibly complex and in practice we content ourselves by 
assuming a periodic potential V(x) to describe the effect of the nuclei and 
all the other electrons in a system, and examine the wave function which 
describes a single electron in that system. This is the so-called “one 
electron approximation”’ and it leads to a satisfactory description of the 
electron system in solids. 


2.2.4 THE ONE DIMENSIONAL RECTANGULAR POTENTIAL MODEL 


A number of the essential characteristics of electrons in crystals emerge by 
considering our single electron in a one-dimensional potential. This 
potential will have the periodicity of the crystal and will take a form as 
shown in Fig. 2.4(a). For our qualitative picture of the electron 
characteristics we approximate this with the simple rectangular (Kronig- 


cea) \/ \ (\ (\ [\\° 


f energy v ) 
t energy Vix) (b 
Electron V 
energy & 


Fic. 2.4. Realistic (a) and Approximate (b) forms for the potential variation through the 
crystal. The lattice spacing is (a + 5). 


THE WAVE MECHANICAL THEORY OF SEMICONDUCTORS 19 


Penney) model shown in Fig. 2.4(b). & is the electron energy and V, the 
maximum potential energy. As before we look for solutions of the form 


b= Wadexp — jot 
and we find that once again we have to solve Eqn (2.11), the time 
independent Schr6édinger equation, but this time V(x) is no longer constant 
but periodic, with period a + 5b. 

The rectangular potential can be regarded as a series of uniform potential 
regions, and we are required to solve Eqn (2.11) in each region, subject to the 
appropriate boundary conditions. Solution of the equation in region 1 will 
yield two unknown coefficients, likewise region 2. The four unknowns are 
determined by applying the conditions that 


dy 


(i) y, a must be continuous 


(ii) w(x) = u(x) e** where u(x) is periodic with the same period as the 
potential function. 
The latter result is a statement of Bloch’s Theorem. 

Solving Eqn (2.11) in the two regions 


d?u; (x) du, (x) 
2jk ——— — (k? — 0? = 
i + 2 ae (k* — a*) u(x) =0 O<x<a 
d?uz(x) _ ,., dua(x) 2 g2 
a2 t tk - — B*)u,(x) =0 —-b<x<0 
where 
2mé 
a? = = (2.15) 
em (2.16) 
h 
The solution takes the form 
u,(x) = Aexpj(@a —k)x + Bexp—j(a+k)x (2.17) 


u(x) = Cexpj(B — k)x + Dexp — j(B + k)x. (2.18) 
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Applying the boundary conditions deduced from (i) and (ii) above, namely, 
u;(0) = u,(0) 


Tt 

dx x=0 i dx x=0 
u; (a) = u,(—d) 

ai) ee 

dx x=a ig dx x=-b 


gives four simultaneous equations for A, B, C and D. This leads to a 
determinantal equation which can be written in the form 
sin aa sin Bb + cosaacos Bb = cosk(a + b) (2.19) 


In a real crystal we would have & < YW so that the quantity B is purely 
imaginary and we can write B = jy so that Eqn (2.19) becomes 


2 2 


— & 


sinh yb sin aa + cosh yb cos wa = cosk(a + d) (2.20) 


Equation (2.16) becomes 
2m(Vo — & 
a. amy 8) y ) (2.21) 
and putting the expressions for a and » (from Eqn (2.15) and (2.21)) into 
Eqn (2.20) gives the relationship between the electron energy & and wave 
number k. Since the energy & only appears on the L.H.S. of this equation 
and wave number k only on the R.H.S. we can represent it by writing 


fi) = fr). 


Examination of this equation reveals that the R.H.S. can only take on values 
between + 1, while the L.H.S. does not have this restriction. Thus for real 
values of k there will be solutions only for restricted ranges of energy &. 
Furthermore, the solutions of the equation remain unchanged if we add any 
integral number of 2z/(a + b) to k i.e. the solutions are periodic in k, with 
period 2z/(a + b). 

The general form of the solution to Eqn (2.20) is shown in Fig. 2.5. The 
allowed energy states of the electron are divided into bands which are 
separated by forbidden regions. By way of comparison the continuous &-k 
relationship for the free electron is also shown. 
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Fic. 2.5. General relationship between energy & and wave number & for electrons in a 
crystal. 


There is a direct analogy here between the behaviour of electrons in a 
crystal and electromagnetic wave propagation on a transmission line with a 
periodic variation of impedence. In the latter case we obtain the familiar 
pass and stop bands, and the allowed and forbidden bands in the crystal 
are directly analogous to these. In the pass bands of the periodic line and 
the allowed bands of the crystal the propagation constant (wave number) 
k is real, while the stop bands and forbidden bands are characterised by 
purely imaginary values of k. 

We lose no information if we confine our interest in the &-k diagram 
to the region between +(z/a + b). Although the wave function alters when 
nx/(a + b) (n integer) is added to the restricted zone value of k, the 


~rla+b Oo wlatb 
k—— 


Fic. 2.6. The reduced zone representation. 
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observables energy, position, momentum etc. do not. Thus in future 
discussion we will only be concerned with the reduced zone representation 
shown in Fig. 2.6. This &-k diagram then represents the allowed energy 
states for electrons in the crystal. For an infinite crystal k may take any 
value, but as noted previously, for a crystal of finite length L, k will take 
on discrete values separated by 22/L. 


2.2.5 INSULATORS, SEMICONDUCTORS AND METALS 


We have deduced the allowable electronic states in a crystal and these 
states will be filled up to a certain level by all the electrons in the crystal. 
We can distinguish two main types of solid—those in which there are, in 
ascending energy, a number of completely filled bands followed by a number 
of completely empty bands, and those in which the completely filled bands 
are followed by a band which is only partially filled. A filled band cannot 
contribute to electronic conduction because there are no free states in the 
band for an electron to move to. A completely empty band clearly makes 
no contribution to conduction so that the first type of solid is an insulator. 
The second type, where a great many electrons in the partially filled band are 
free to move under an applied field, is of course a metal. 

A semiconductor belongs to the insulator type and is an insulator at 0°K. 
However at room temperature due to thermal excitation, the uppermost 
filled band (valence band) has a few unoccupied states near the top of the 
band, and the first empty band (conduction band) has a few occupied states 
near to the bottom of the band. It is these states in the valence and 
conduction bands which are involved in the process of condution in semi- 
conductors. Thus, our interest in the electronic band structure is generally 
confined to its form at the top of the valence band and bottom of the 
conduction band. 


2.2.6 CRYSTAL MOMENTUM AND EFFECTIVE MASS 


From the previous section we have the solution to the Schrédinger wave 
equation 


y= u(x) exp, (x — +] 


where u(x) is a periodic function with the period of the lattice. From this 
wave function we can determine the momentum by applying Eqn (2.8). We 
find that the crystal momentum is 


p=hk (2.22) 


so that 5 
w = u(x) exp + (px — 61). (2.23) 
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The Heisenberg Uncertainty Principle tells us that 
Ax Ap ~h (2.24) 


where Ax, Ap are the uncertainties in position and momentum of an 
electron. Thus to enable us to localise the position of an electron we have 
to construct a wave packet made up of a number of wave functions 
having a range of values of momentum about some central value p. Such a 
wave packet will travel with a velocity which is the group velocity V, that 
we deduce from Eqn (2.23). Thus 


k=-—, (2.25) 


This is therefore the velocity with which an electron of energy & will move 
through the lattice. 

If we assume that Newton’s law is applicable to the electron motion, then 
when an electric field E is applied the crystal momentum p will alter in 
accordance with 


— =¢E, (2.26) 


If we examine the rate of change of the electron velocity V, we have 
dy, _d (=) - d (=\F on ae 

dp) dp\dp/ dt dp? 

where Eqn (2.26) has been used. 


By analogy with classical mechanics we see that the quantity 1/(d?&/dp”) 
has the character of a mass. We call it the effective mass m* of the electron 


in the crystal. 
d2 
m* = i| a : (2.28) 


Using this effective mass we can ignore the effect of the periodic lattice 
potential and describe the motion of an electron by the familiar laws of 
classical mechanics. This description will be equivalent to that which would 
obtain from a direct application of wave mechanics. 

From a knowledge of the @-k diagram we can now calculate the 
electron velocity (1/h . d&/dk) and the effective electron mass (1/4? . d?&/dk?). 
For a typical band these are shown in Fig. 2.7. In many cases the & — k 
relation at the centre of the zone (k = 0) and at the zone edge will have a 
parabolic form. The effective mass will then be constant near to the centre 


es .eE : 
dt dt E ee 
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and near to the zone edge, though its value may be very different from the 
mass of the free electron (m). 

However, we note from Fig. 2.7 that our wish to use simple classical 
mechanics to describe the electron motion leads us to require that the 
effective mass increases to infinity away from the zone centre and even 
becomes negative at the extremities of the zone. 


Energy @ 


Velocity 4 
fo) 
| 
Pa 


Effective mass m* 


Fic. 2.7. Electron energy, velocity and effective mass as functions of wave number. 


When the simple treatment above is extended to three dimensions, we 
must introduce the components k,, k, and k, of the electron wave vector. 
The reduced zone of Fig. 2.6 then becomes a three-dimensional Brillouin 
zone in k-space, and for a simple cubic lattice the Brillouin zone will be 
cubic. Effective masses m,, m,, m, have now to be specified for the three 
directions in k-space and for the simple cubic lattice m, = m, = m,. 

The electron energy can now be expanded as 


& = Ak,” + Bk,” + Ck,” + higher powers (2.29) 


where the energy has been taken to be measured from an extremum. The 
expansion must be in even powers since energy takes the same value for 
positive and negative values of k,, k,, k, Once again for a cubic lattice, 
A = B =C and if higher powers of k,”, k,”, k,” can be neglected, then the 
surfaces of constant energy will be spherical. 
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2.2.7 REAL CRYSTALS 


For the simple one-dimensional Kronig—Penney model we find that the 
allowed bands are separated by forbidden regions and further, that all the 
energy maxima and minima occurred at the centre of the zone. Real crystals 
however, being three-dimensional and often with a complex lattice structure, 
yield &-k diagrams which are in general much more complex. We find 
that band extrema may no longer be at the zone centre or zone edge and 
that a given band may possess a number of maxima or minima. In addition 


(a) 


te) 4(4) 


Si 


(111) hk (100) 


Fia. 2.8. (a) The band structure of GaAs. The lowest conduction band minimum is at the 

centre of the zone (k = 0). The next lowest is in the (100) crystallographic direction and at 

the zone edge. The valence band consists of three bands, two being degenerate at k = 0,°*) 

(b) The band structure of Si. The lowest minimum is located along the (100) direction and 

is approximately half way to the zone edge. The next lowest lies along the (111) direction. 

Again the valence band consists of three separate bands, of which two are degenerate at 
k=0. 
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the shape of the band may depend on the direction in the crystal. Energy 
bands may overlap or they may be degenerate. Not only will effective mass 
in general take up different values in different directions, but it may become 
a tensor, implying that an electric field in a given direction through a 
crystal will produce an acceleration which is not parallel to the field. 

In general we are only interested in the extrema of the bands in semi- 
conductors and Fig. 2.8 shows the bottom of the conduction band and top 
of the valence band for GaAs and Si.“ For GaAs we see that the 
conduction band minimum lies at k = 0, but a sibsidiary minimum exists 
along the (100) crystallographic direction and lies at the edge of the zone. 
The conduction band minimum in Si does not occur at k = 0 but is approxi- 
mately half way to the zone edge, along the (100) direction. The next 
lowest minimum lies along the (111) direction. In both semiconductors the 
valence band structure is seen to be rather complex, with several bands of 
different effective masses, two of which are degenerate at k = 0. 

In the conduction band of GaAs at room temperature, only the central 
minimum (k = 0) will be occupied by electrons. However application of 
high electric fields can increase the energy of the electrons so that they are 
able to transfer to the subsidiary (or “‘satellite’?) minimum along the (100) 
direction (in fact since there are six equivalent (100) directions in the crystal 
there will be six equivalent minima). It is this process and the marked differ- 
ence in effective electron mass in the central and satellite minima which is 
the origin of transferred electron effects. The electron effective mass m* 
(oc1/(d?é/dk?)) is low at the zone centre and high in the satellite minima. 

In the central minimum of GaAs the energy dependence on k is 


€ = Atk +k? +k.) (2.30) 


where & is measured relative to the conduction band minimum. The energy 
surfaces are spherical and the effective masses equal in all directions. 


2.2.8 THE HOLE 


It has been mentioned earlier that the existence of a few empty states at the 
top of the valence band allows the band to contribute to electric conduction. 
Instead of examining the motion of the many electrons in the nearly full 
band, we can similarly obtain the necessary information about conduction 
by examining how the empty states “move” in an applied field. We find that 
these states behave as if they had a positive charge, + e, and a positive 
effective mass |h?/(d?&/dk?)|. This gives rise to the concept of the positive 
hole. 
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2.2.9 IMPURITIES 


In a pure semiconductor the number of electrons in the conduction band will 
be equal to the number of holes in the valence band, and for a given 
semiconductor both will be dependent only on temperature. When this is 
the case the semi-conductor is said to be intrinsic. At normal temperatures 
the number of intrinsic electrons and holes present is very small (~10° 
per cm? in GaAs at 300°K), and the numbers present in a real piece of 
semiconductor will often be dictated instead by the amount of impurity 
atoms which are inevitably present. 

These impurity atoms may contribute additional electrons to take part in 
conduction processes, in which case the impurity is a donor. Alternatively 
the impurity atoms may act to capture electrons from the valence band, 
in which case the impurity is an acceptor. In either case, if each impurity 
donates or accepts one electron and the impurity level is say 1 ppm then the 
number of electrons involved is ~ 1017 per cm3, which is considerably more 
than the number intrinsically present. Hence the considerable importance of 
impurities in semiconductors. 

An appreciation of how donor impurity atoms contribute additional 
electrons may be gained from the following simple picture. It is well known 
that in the hydrogen atom there are only certain allowed states the electron 
can occupy, and thus only certain allowed energies it can have. In 
particular there is a state of lowest energy—the ground state; this is 
13-5eV lower than the energy of the electron at rest well away from the 
proton of charge +e. The situation of an electron in the conduction band of 
a semiconductor under the influence of the excess charge +e of a donor ion 
is closely analogous; however, the electrostatic forces are reduced by the 
dielectric constant of the crystal and the mobile charge now has effective 
mass m*. Consequently the ground state of an electron attracted by a donor 
may be such that only a small amount of energy is required to free it for 
conduction. The amount required—the donor ionisation energy—may be 
as little as 0-01eV. Thermal energy will often be sufficient to ionise the 
donor (kT = 0-025 eV at 300°K) and create a free electron to take part in 
conduction. 

For acceptor impurities the situation is analogous but we are dealing 
instead with a positively charged hole attracted to the negative charge of the 
acceptor ion. 

We can represent the effects of the impurities by introducing levels on our 
energy level diagrams. The donor impurity levels will then be situated just 
below the minimum of the conduction band and acceptor levels just above 
the maximum of the valence band. Donor impurities give a crystal which is 
n-type where the carriers making the majority contribution to conduction 
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are electrons. Acceptor impurities dope the crystal p-type and the majority 
carriers are positive holes. Typically the amount of impurities present is 
controlled so that the majority carrier has a concentration of around 
1014-1018 per cm?. 


2.3 CARRIER STATISTICS 
2.3.1 DENSITY OF AVAILABLE STATES 


It was pointed out previously (section 2.1.4) that in the one dimensional 
diagram of Fig. 2.6, the wave number takes on discrete values of separation 
2n/L for a length L of crystal. Thus the number of states between k,, and 
k,, + dk,, will be Ldk,/2x. Now taking the three-dimensional case, we have 
that the number of states for which the vector k has a value in the element 
dk, dk, dk, of k-space is given by 


3 
N(k) dk, dk, dk, = sdk, dk, dk,, (2.31) 


per unit volume of crystal this becomes (1/8x*) dk, dk, dk,. Thus there is 
one allowed state per volume 82° of k-space. If we are concerned with 
bands having spherical energy surfaces, then 


h? 
é= om* ke where k? = kt + kK? + a (2.32) 


as can be deduced from Eqn (2.29) and the definition of effective mass. 
The number of allowed states between energies & and & + dé& will then 
be the number between the two spherical energy surfaces corresponding to 
6 and & + dé. 
The volume of k-space enclosed =4nk? dk 


4nk? dk 
.. Number of allowed states N(&) dé = a ; 
Using Eqn (2.32) we can write this as 
8) 48 = 2 (oma? gt 
N(€@) dé = pe (2m yl? €7 dé. (2.33) 


We note that the density of states is proportional to m*%/?, Since in the 
conduction band of GaAs the satellite minimum has an effective mass 
approximately 16 times that of the central minimum, we see that each 
satellite minimum has 16°/? (64) more available states. Since there are 
three such satellite minima due to equivalent directions through the crystal, 
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the total availability of states in the satellite minimum is around 200 
times greater than in the central valley—a fact which is very relevant to the 
transferred electron effect. 


2.3.2 THE FERMI—DIRAC DISTRIBUTION FUNCTION 


Having calculated the density of states available to the electrons as a 
function of electron energy, we must consider how the available electrons 
occupy these states. We must in effect determine the probability of occupancy 
of the states. 

In thermal equilibrium the occupation of a state is continually changing 
in a random way, and we can only speak of an occupation probability. A 
very general result of thermodynamics gives this probability in terms of the 
energy & of the state: 


1 


(6) = 1+exp( — @;/kT) 


(2.34) 

where @, is an arbitrary constant called the Fermi Energy. The shape of 

the Fermi function f(@) is shown in Fig. 2.9. When @ = é;, f(€@) = 0-5. 

At zero temperature all the available states are filled up to the level &;. 
When & — 6, > kT, Eqn (2.34) becomes approximately 


S(@) = exp - (- at ) (2.35) 


which is known as the Maxwell-Boltzmann approximation. It is a valid 
approximation for all but the most heavily doped semiconductors and is 
certainly valid at the doping levels employed in transferred electron devices. 
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Fic. 2.9 The Fermi function /(@). 
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2.3.3 ELECTRON AND HOLE CONCENTRATIONS 


We can now use our expression for the density of states (Eqn (2.33)) and the 
occupation probability of states (Eqn (2.35)) to determine the concentrations 
of electrons occupying states in the conduction band. In Fig. 2.10 we show 
the density of states function N(&) and the Maxwell—Boltzmann tail of the 
Fermi function, plotted against the electron energy. &, is the energy at the 
conduction band minimum and @; is the Fermi Energy. 

The total number of electrons in the conduction band will be given by 


= { ” (6) N(6) dé. 
ée 


The upper limit of integration should strictly be the energy at the top of the 
conduction band, but the exponential fall off of the Fermi function allows 
the limit to be safely taken as infinity. 

From Eqns (2.33) and (2.35) we then have 


2n 2 é-—€ F 
n= 2M . 55 (ame)? | 8+ exp = (Se) dé 
where an additional factor 2M is included. The factor 2 accounts for the fact 
that because of electron spin two electrons may occupy a given energy state, 
and M is the number of equivalent minima which may exist. 


Evaluating the expression for n we arrive at 


wie = ("=") (2.36) 
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Fic. 2.10. Energy distribution of electrons in the conduction band. N(@) is the conduc- 
tion band density of states function, For a non-degenerate semiconductor the electrons 
have a Maxwellian distribution. 
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where 
N, = 2M ( (2.37) 
The quantity Nis known as the effective density of states in the conduction 
band and at 300°K its value for GaAs is 4.7 x 107” per cm*. When the 
electron density in the conduction band approaches this value, the semi- 
conductor is said to be degenerate and the Maxwell-Boltzmann approxi- 
mation breaks down. 

The calculation for the hole concentration proceeds in an exactly analogous 
way. The probability that a certain state is vacant will be given by 1 — f(&) 
so that the total number of holes in the valence band is 


by 
p= |. [1-sf@ ne) as 


where @, is the energy at the maximum of the valence band. From which 
we can calculate that 
é, — Op 
=N, - 2.38 
Pp v&XP Ta (2.38) 
N, being the effective density of states in the valence band. 
For GaAs, N, = 8:0 x 1018 cm~? at 300°K. 
In a pure crystal we must have n = p(=n;, = p;) so that the product of n 
and p in the intrinsic case can be written 


é 
np; = N,N, exp — pa (2.39) 
where &,= 6, — @, is the width of the energy gap. For GaAs this is 
approximately 1:4eV. The intrinsic electron and hole densities calculated 
at 300°K turn out to be around 10° cm~?. 
If the semiconductor contains impurities then the carrier concentrations 
will differ significantly from n,; and p; (as discussed in Section 2.1.9). 
However we note from multiplying Eqns (2.36) and (2.38) that 


é 
np = N,N, exp — Sa (2.40) 


i.e., the product of the electron and hole concentrations still has the same 
value. This is because doping the crystal with impurities only alters the 
Fermi energy @, and this does not appear in the np product. Thus we have 


np = Nip; = ne. 


For an n-type semiconductor (n > n,;) we have p < p; <n. 
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2.4 CONDUCTION IN SOLIDS 


No contribution to conduction can be made by a band which is full. This 
can be appreciated by considering what happens when an external field E 
is applied to the electrons in such a band. Each of the electrons is 
accelerated and changes its momentum by an amount 


1 


dk = > eB dt (2.41) 


where dt is the length of time for which the field is applied. Hence those 
electrons at one extremity of the Brillouin zone will move out of the first 
zone and into the second, while a similar shift at the other extremity will 
vacate states at the zone edge. But it has already been pointed out that those 
outside the first Brillouin zone have equivalent positions within the first 
zone, in fact just those states in the first zone which have been vacated. 
No net change of electron distribution has therefore occurred, and hence 
no current can be flowing. 

If we consider now a partially filled band, with zero field applied the 
distribution of electrons must be symmetrical about the band minimum. 
This must be so since the current flowing in one direction through the crystal 
due to electrons with positive velocities (positive 1/h .d&/dk), say, must be 
balanced by that flowing in the opposite direction due to electrons with 
negative velocities (negative 1/h . d&/0k). 

When a field is applied the centre of gravity of the electron distribution 
can, and does, shift by the amount given in Eqn (2.41). This shift means a 
slight bias in the electron velocities in the direction of the applied field i.e., 
a small drift velocity is superimposed on the random motion of the 
electrons around the crystal lattice. A net current is therefore flowing in the 
direction of the field. 


: . hdk eE 
Net drift velocity eae dt 
ne? E 
.. Net current density dJ = ae dt (2.42) 


where n is the total number of electrons in the band. 

As we have formulated the problem, when we remove the applied field 
the current will continue to flow since we have provided no means whereby 
the electrons can randomise their velocities again. In fact this is achieved 
by the electrons colliding with the lattice, or being deflected by ionised 
impurities in the lattice etc. It is important to note that scattering by the 
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crystal lattice is not due to the smooth, periodic variations in electric 
potential for these have been taken account of in ascribing an effective mass 
to the electron, which differs from its real mass. The scattering referred to 
is due to deviations from this periodicity, and may be due to mechanical 
vibration of the lattice (phonons) or localised impurities or defects in the 
lattice. 

Due to such scattering the current flowing will decay when the applied 
force is removed. We assume the current to decay at a constant rate 


ene (2.43) 


where 7 is the time constant of decay known as the carrier relaxation time 
and is a value averaged over all the electrons in the band. 

When a field E is applied continuously, the steady state condition will 
then occur when the rate of increase of current is balanced by the rate of 
decrease due to scattering events. From Eqns (2.42) and (2.43) we have 


Le., 2 
ie (~ *) E. (2.44) 
m 


The quantity in brackets is the conductivity o of the crystal. The average 
drift velocity of the electrons in the direction of the field is given by 


v=pE (2.45) 


where yp is defined as the electron mobility. Since the current flowing is 
nev we have 


(2.46) 


as the relationship between electron mobility and relaxation time. 
In an analogous way, when we consider a band which is almost filled, we 
can show that 


2 
_ pet 
* 
mM, 


(2.47) 


34 RELEVANT SEMICONDUCTOR PROPERTIES 


where p is the number of holes, m,* the effective mass of the holes, , their 
mobility etc. 

Any semiconductor must contain both electrons and holes, so that under 
the driving force of an applied field E, current will flow due to the drift of 
conduction band electrons in one direction and of valence band holes in 
the other. The total current will be 


Jior = Jn + Jp = (neu, + petty) E (2.48) 


where subscript 7 refers to the electrons. 

For an n-type semiconductor, say, n> p and we will have a current 
carried almost entirely by electrons. This will be the case for the GaAs 
devices to be examined later. When this n-type semiconductor has two 
separate conduction band minima each of which contain electrons, as in 
GaAs at high fields or high temperatures, then we must describe the total 
current flow as a summation of contributions from the two minima. Thus 


J =(n, eu + nz, en,) E (2.49) 
where n,, 22 are the numbers of electrons in the two bands and py, p are 


the corresponding electron mobilities in the two bands. 


2.4.1 MAGNITUDES 


Values for the electron and hole effective masses and mobilities are 
indicated in the table below for the three common semiconductors GaAs, 
Ge and Si. Whereas the conduction band minima in GaAs are spherical 


GaAs Ge Si 


electron 0:066 1:6 0:97 


Effective mass 0:08 0-19 
m*/m 0-12 0-26 
hole 06 O3 0:5 


0-12 0:04 0:16 


electron 8000 3800 1900 
Drift mobility 
cm?/V sec hole 400 3400 400 


and the electrons can be described by a single value of effective mass, the 
minima in Si and Ge are ellipsoidal corresponding to different effective 
masses in the three directions in k-space (A # B # C in Eqn (2.29)). It is 
believed that the effective electron masses in the subsidiary <100> con- 
duction band minimum of GaAs will be similar to those in the (100 mini- 
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mum of Silicon (given above). The two values quoted for the hole mass in 
each case reflect the fact that the valence band is degenerate in all three 
semiconductors i.e., two bands have the same energy maximum as shown for 
example in Fig. 2.8. 

The mobility values above apply at room temperature. The values are 
proportional to the scattering time and this is sensitive to temperature in a 
manner which depends on the scattering mechanism—this we will comment 
upon further in Section 2.5. At room temperature scattering times are of the 
order 10~ 17-107! sec. This is approximately the time between successive 
collisions, assuming that the electron velocity is randomized after each 
collision. 


2.4.2 THERMAL AND DRIFT VELOCITIES 


Electrons populating the conduction band will in general have an energy 
distribution which is of Maxwell Boltzmann form (this will not be the case for 
degenerate semiconductors or for semiconductors in very high fields). The 
mean square velocity for electrons moving randomly about the lattice will 
therefore be given by 


din* v? = 3kT. (2.50) 
Since the average electron velocity is not significantly different from [v7] 
we have 

__ | 3kT]* 

b= =a 


This gives a value of around 10’ cm/sec for the average thermal velocity 
of electrons at a temperature of 300°K. 

Under low field bias conditions (up to 100 V/cm, say) we can calculate 
from the mobility data earlier that the vector velocities super-imposed on 
the random thermal motion will have magnitudes up to 10° cm/sec. Thus, 
in low fields the effect of the applied field is to give the electron system an 
average drift velocity in the direction of the field, which is much smaller than 
the random velocities with which the electrons move around the lattice. 


2.5 LATTICE VIBRATIONS 


Atoms in a crystalline lattice are not fixed in position. They vibrate about 
their equilibrium positions and these vibrations, representing as they do 
variations of the lattice periodicity, act to scatter electrons in motion around 
the crystal. This electron-lattice interaction is one of the important 
mechanisms whereby the electron distribution randomises itself after the 
removal of an applied field. 
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Each atom in the lattice is coupled to its neighbours by the bonding 
forces and we can liken the lattice to a three-dimensional array of identical 
particles each of mass m, where neighbouring particles are connected together 
by springs of stiffness K. In examining the mechanical vibrations of the 
lattice one approach is to consider the lattice as an identical set of coupled 
harmonic oscillators, whose natural frequency is determined by the particle 
mass and the stiffness K of the spring. K is of course proportional to the 
bonding force in the actual crystal. The alternative approach, which we shall 
adopt here, is to consider the lattice as a single entity and to examine its 
normal modes of vibration. Any lattice vibration can then be described as a 
combination of normal modes. 


2.5.1 MONATOMIC LATTICE 


Taking a one-dimensional lattice for simplicity we have the simple model of 
Fig. 2.11(a). a is the atomic spacing. We expect that the restoring force on a 
particular particle will be proportional to the relative displacements of that 
particle and its neighbours. Considering only immediate neighbours, the 
restoring force F,, acting on the mth particle will therefore be given by 


=K (ver + Yani — 2) (2.51) 


where y, is the displacement of the nth particle. 
Looking for solutions of the type 


Yn = Aexpj(qx — wt) = Aexpj(qna — wt) (2.52) 
{o) 
m ~K ig wy rn it m 
n=2 n-| a n+l 
tb) 7 | 
A | 


=n/a —— O alo 
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Fic. 2.11. (a) One-dimensional monatomic lattice model. (b) Dispersion diagram for 
monatomic lattice (reduced representation). 
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we have 
Yn+1 + Mn-1 — 2Y, = Aexpj(qna — wt) [expjna + exp — jna— 2]. Putting 
this into Eqn (2.51) yields the relationship 


K 
@? = 2— (1 — cos qa). (2.53) 


This equation is clearly periodic with period 2z/a and the reduced zone 
representation for the frequency-propagation constant diagram is shown in 
Fig. 2.11(b). The velocity of propagation of a mechanical disturbance through 
the lattice is as usual given by the group velocity dw/dq and at low frequencies, 
where the propagation constant is proportional to frequency, this is a constant 
which is the velocity of sound waves through the lattice (v — 105 cm/sec). As 
the frequency is raised dw/dq decreases steadily to zero. Note that the 
lattice will not support vibrations above a certain frequency. 

For a linear lattice comprising N particles, there will be N normal modes of 
vibration described by 


qa= = p=1,2,...N (2.54) 


and the corresponding frequency of vibration w, follows from Eqn (2.53). 
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Fic. 2.12. (a) One-dimensional diatomic lattice model (b). Dispersion diagram for dia- 
tomic lattice. 
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Eqn (2.54) can also be expressed as 
A, 
p> =Na p= 1,2,...N (2.55) 
where A, is the wavelength of the pth order mode of mechanical vibration. 


2.5.2 DIATOMIC LATTICE 


We now examine the natural modes of vibration of a linear lattice comprising 
particles of masses m and M as shown in Fig. 2.12(a). Again assuming only 
interactions between nearest neighbours, the equations of motion for the par- 
ticles M (the even numbered particles) and n (the odd numbered particles) 
are: 


d?y 
F,, = Ma = K(yon41 + Yan—1 — Van) (2.56) 
d? - 
Foy41 = m— sett = K(Vant2 + Yon — 2Yan+1) 


We assume that the solutions of Eqn (2.56) take the form 


Yan = Aexpj(2naq — wt) 
Jan+1 = Bexpj(2n + 1 aq — ot) 


Substituting these into Eqn (2.56) we obtain 


2K 
@7A = ava (A — Bcos aq) 


(2.57) 
2K 
w?B = ——(B — Acosagq) 

m 

This equation has a non-trivial solution only if 

M M4 

=0 (2.58) 
— cos aqw* — —— 
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Solving the determinant we find 


M+m M+m\2 4K? 
2a esses Ut i ame 5) J eee Pigs a2 
w*=K Win -E J K ( ) in sin? aq (2.59) 


Hence for a given value of propagation constant there are two frequencies 
which satisfy the equation. For small values of k the low frequency solution 
is characterized by all neighbouring particles moving in the same direction. 
Whereas for the high frequency solution all the neighbouring particles 
with the same mass move in the same direction, neighbours of different 
mass move in opposite directions i.e. they oscillate in anti-phase. 

The w-q diagram for the normal modes of the one-dimensional diatomic 
lattice is shown in Fig. 2.12(b). The lower branch where adjacent masses M, 
m move in phase is known as the Acoustic branch, while the upper branch 
where adjacent masses M,m move in antiphase, is known as the Optical 
branch. The latter branch is so-called because in the case of a polar crystal 
(GaAs, for example) the masses M, m will carry opposite charges so that this 
mode of oscillation of the lattice is coupled strongly to by an electro-magnetic 
wave and the electromagnetic wave required is in the infra red because of the 
very high natural frequencies of the vibrations (around 1013 Hz). 
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Fic, 2.13. Particle displacements for (a) acoustic mode of low k (b) Optical mode of 
low k. 


Fig. 2.13 shows the vibration of a linear diatomic lattice in acoustic and 
optic modes of the same wavelength. In fact the displacements shown may 
be either transverse or longitudinal to the axis, do that we can have a total of 
six different modes of lattice vibration—a Longitudinal Acoustic (LA) and 
two orthogonal Transverse Acoustic (TA) modes, and a Longitudinal Optic 
(LO) and two orthogonal Transverse Optic (TO) modes. In general the 
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orthogonal transverse modes are degenerate and there are just four branches 
on the w-q diagram. The set appropriate to GaAs is indicated in Fig. 2.14. 
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Fic. 2.14. Phonon Dispersion diagram for GaAs (schematic). TO, LO—transverse and 
longitudinal optic phonons TA, LA—transverse and longitudinal acoustic phonons. 


2.5.3 PHONONS 


A phonon is a quantum of lattice vibration. The occupancy of the available 
phonon states is determined by the application of Bose-Einstein statistics. 
Thus at temperature T the probability of occupancy of a given state of 
energy hw will be 


P(o) = 
ho (2.60) 


and the average total energy in a mode of frequency @ will therefore be 


&(0) = ho 


h 2. 
expe —1 (eet) 


The frequencies corresponding to the optical branches of the phonon wg 
diagram are in the vicinity of 2 x 10’*sec”*. Thus the optical phonon 
quantum has an energy which is much in excess of KT (at 300°K). In con- 
sequence the probability of occupancy P(w) of the optical phonon states is 
low and the optical phonons are only weakly excited at room temperature. 
For a low frequency acoustic phonon hw < kT, and hence these low q states 
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are well filled. From Eqn (2.61) the average energy in a mode of frequency 
@ is KT, in agreement with the classical description. 


2.6 SCATTERING MECHANISMS 
2.6.1 LATTICE SCATTERING BY ACOUSTIC MODES 


Electron scattering from the mechanical vibration of the lattice is important 
in many semiconductors. The scattering can be most easily appreciated by 
considering an electron wave in a lattice which is supporting a single longi- 
tudinal acoustic mode of vibration. The latter will give rise to periodic 
compression and rarefactions in the lattice spacing and it is the fluctuations 
in potential energy due to these which are effective in scattering (reflecting) 
the electron wave. In common with other problems of wave reflection, the 
scattering is most effective when the electron wave length is half the wave- 
length of the acoustic vibration of the lattice. If the electron wavelength is 
much greater than the acoustic wavelength the effect of the vibrations 
average out to zero over an electron wavelength. Similarly electrons of 
wavelength much less than the acoustic wavelength will suffer only weak 
scattering since the potential gradient due to the vibrations will be small. 
Since at room temperature the electron wavelength (A = h/m*v) has an 
averaged value which is an order of magnitude or, more, greater than the 
lattice spacing (which is around 2-3 x 107-8 cm), we can conclude that the 
vibrations which scatter electrons most effectively are those which lie well 
down the acoustic branch of the vibrational spectrum i.e. the long wavelength 


Fic. 2.15. (a) Variation of the energies of the band edges due to lattice vibration at a 
single frequency. (b) Simple square wave approximation to (a). &-, &, are the energies at 
the conduction band minimum and valence band maximum, respectively. 
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acoustic modes. In Si and Ge electron scattering is due principally to inter- 
actions with these long wavelength phonons. 

We shall consider here a simple qualitative treatment of such scattering 
(2.1). In the regions where the crystal is compressed due to the vibrations the 
positions of the energy bands are altered in such a manner that the width of 
the forbidden gap is reduced—in regions of extension the gap width increases. 
The effect causes a local variation in the energy associated with the conduction 
band edge. For a simple vibration this will result in the variation shown in 
Fig. 2.15(a). For simplicity, we take a step-wise variation as shown in Fig. 
2.15(b). The height of each step is taken to be A@ in energy. 

Since the averaged electron velocity is around 107 cm/sec and the acoustic 
wave velocity is 10° cm/sec, we can take the lattice to be at rest for the purpose 
of our calculation. The wave function of the incident electron wave is 


Wo(x) = Aexpjkox 
where ky = m*v/h. And that of the transmitted wave 

W(x) = Bexp jk,x. 
Equating energies we have 


h2 
er (k,? — ko”) = — Aé. (2.62) 


It can be shown that the probability of reflection (R) of the electron wave at 
the step is given by 


(ko — ky)? 
R= ———_, 2.63 
ko + ky? la 
Since the energy step is small and therefore ky == k;, we can simplify R to 
m*A€ \?2 
R=|—— 2.64 
( 2h*k,? ae) 


The quantity A& can be related to the strain in the lattice. Assuming a linear 
relationship 

éV 

Vo 


A€@=-—E (2.65) 
where 6V/V, is the fractional change in volume of the lattice and © is the 
deformation potential and represents the shift of the conduction band edge 
per unit dilational strain. 
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For effective scattering the wavelength of the acoustic vibration must be 
comparable with that of the electron wave. Thus the length of each com- 
pression or extension which we are concerned with will be approximately 
m/Ko. 

The volume element Vo(= z/ko)* of this linear extent is subject to some 
maximum pressure 6P to cause a volume change 6V. The stored strain energy 
is then 6P6V/2 and this must be proportional to kT since the origin of the 
vibrations is thermal. Thus 


A® = 45P5V = ckT (2.66) 


where c is a constant whose value is close to unity. 
If we define the compressibility B of the lattice as 
V 


rs) 
B= 5p (2.67) 


then using Eqns (2.67), (2.66), (2.65) in Eqn (2.64) we obtain 


WORT .. 
= —_— =’. 2.6 
R= Fi ky'Vo sh) 


In travelling a distance equal to the linear dimension of the volume V), i.e. 
m/Ko, the probability of reflection is R. Thus the mean free path L is given 
by 


h* 
= Sm? PkT EE Ce) 


and the mean relaxation time <t> is given by 


h* 
<t> = 3 8n m*)*cB(kT) = S , (2.70) 


Since p = e{t>/m* the electron mobility due to scattering by acoustic 
vibrations should vary as T~*/?/m*5/?, In practice a stronger temperature 
dependence is usually observed due to the presence of additional scattering 
processes between equivalent valleys (see Section 2.5.3). 

A similar treatment to the above can be given for the hole mobility limit due 
to acoustic scattering. 
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2.6.2 LATTICE SCATTERING BY OPTICAL MODES 


Because of their high energy, optical phonons are only weakly excited at 
normal temperatures (Section 2.4.3). In consequence they do not play a 
significant role in limiting the low field mobility of carriers in the elemental 
semiconductors. However, despite their low excitation they represent the 
dominant scattering mechanism in the compound semiconductors such as 
GaAs. This is because the latter have an ionic compound in their bonding 
which means that associated with optical vibrations there will be a strong 
polarization of the lattice, and this is very effective in scattering the electrons. 
At room temperature the electron mobility in GaAs is limited to around 
9000 cm?/V sec by polar scattering due to the longitudinal optic modes. As 
the temperature is raised the increasing excitation of optical phonons will 
contribute to the reduction in carrier mobility. For crystals with a zinc 
blende structure, such as GaAs, the mobility limit due to polar optical 
scattering has been given as‘°) 
2 3/2 
p=3x 105% (=) (=) FM a®v [expo — i| cm?/Vsec (2.71) 
where e* isan effective charge, M the reduced mass of the atoms (Mm/M +m), 
a the lattice constant and v the longitudinal fundamental optical frequency. 
F is a slowly varying function of hv/kT which at 300°K is approx. 0-7. 


2.6.3 INTRAVALLEY AND INTERVALLEY LATTICE SCATTERING 


Interactions between the electron system and the lattice must be such that 
energy and momentum are conserved. Thus if we consider an electron wave 
of energy ha, and momentum hk, being scattered such that its energy and 
momentum are altered to hw,, hk, then we can deduce the quantum of lattice 
vibration involved in the exchange is such that 


hw, — ha, = ho, (2.72) 
hk) — hk, = hq,. 
ha,, hg, are the energy and momentum of the phonon involved. 
Intravalley scattering processes are ones where the electron is scattered 
between states in the same minimum, the change in wave number is small so 
that k, is small and only long wavelength phonons are involved. The long 
wavelength phonons may be acoustic in which case the amount of energy 
exchanged is small (electron scattering is highly elastic), or they may be 
optical in which the energy exchanged is high (scattering inelastic). 
However in semiconductors with multiple valleys there is also the possi- 
bility of scattering between different conduction band minima. This is known 
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as intervalley scattering. In many cases the two minima between which the 
electron is scattered are equivalent, corresponding to equivalent crystallo- 
graphic directions. In these events a large change in wave-number will be 
necessarily involved so that phonons of high wave number and high energy 
will be required. These processes account for the discrepancies referred to 
at the end of Section 2.5.1. 


2.6.4 IMPURITY SCATTERING 


Scattering by ionized impurities in the lattice is simply due to the Coulomb 
field of the impurity atom. It can readily be appreciated that the deflection 
or scattering of the electron will be most effective when the electron is travel- 
ling at low velocities. Hence ionized impurity scattering is most effective at 
low temperatures. 


Impurity bn 
ion 


Fic. 2.16. Simple model for scattering by an impurity ion. 


We can deduce the approximate dependence of the carrier mobility on 
impurity scattering in the following simple analysis.© Fig. 2.16 shows an 
electron of velocity v approaching the ion of charge + Ze. Assuming no 
deviation of the electron, its nearest approach would be d. The force on it 
F will be 


Ze* 


F = —— = y)* 213 
4neegd* iis ee) 


where a, is the perpendicular acceleration. The interaction time is approxi- 
mately d/v so that the electron is given a transverse velocity component 


ad Ze? 


Ys = ——_—, 
ae 4neegm* vd 


(2.74) 


The electron is deflected through 45° if V, =v. Thus if V, 2v we will 
consider that a collision has taken place which has randomized the electron 
velocity. This will be the case if d is less than a value 


Ze? 


© Aneeym* v et) 
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The collision cross section of this ionized impurity is thus nd,2. If N is the 
number of ionized impurities per unit volume, then the relaxation time will 
be given by 


1 
i fae nd? Nv 
_ 16287e?m*?V* 
ms N2Z’e* 
16xe76,7(m*)'/*(m*v7)9/? 
= ee (2.76) 
where v, <t> are averaged values. 
Using Eqn (2.50) to remove v, we then have 
16787257 (m*)*/2(3kT)3/2 
= ——————r 1: 17 
2) ae (2.71) 


The simple expression deduced differs only slightly from the correct Conwell- 
Weisskopf formula” for mobility as limited by impurity scattering. 

We note from the T/? dependence in Eqn (2.77) that, in contrast to lattice 
scattering, impurity scattering is most effective at low temperatures—as we 
anticipated. It is also most important in heavily doped semiconductors (N 
large), again, as we would expect. 


2.6.5 COMBINATION OF SCATTERING TIMES 


The probability of a collision taking place per unit time is 1/{t>. Thus when 
several scattering mechanisms are operative we must have 


SR er ah 
<Ttotal <t1)> <t2) 


and similarly for mobilities 


einer 


1 1 1 
=—+—tH.... (2.78) 
Mota a 2 


2.6.6 TEMPERATURE DEPENDENCE OF MOBILITY 


We have seen previously that scattering by lattice vibrations results in a 
carrier mobility which decreases with temperature, whereas scattering by 
ionized impurities results in a mobility which increases with temperature. 
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When these are the two most important mechanisms we thus expect the actual 
electron mobility to be dominated by impurity scattering at low temperatures 
and by lattice scattering at high temperatures. Hence we expect the value of 
the carrier mobility to exhibit a maximum at some intermediate temperature. 
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Fic. 2.17. The temperature dependence electron and hole mobilities in GaAs. 
Figure 2.17 shows how the electron and hole mobilities vary in practice 
in a range of samples of GaAs of differing impurity concentrations. It is 
evident that the general form is as expected The temperature at which maxi- 
mum mobility occurs will largely depend on the number of impurities, as 
indeed will the maximum value of mobility. It is to be noted that at 300°K 
and above, impurity scattering will not be important in GaAs unless the 
doping level is extremely high. 

Figure 2.18 presents similar information for electrons and holes in Si® 
and Ge. 


2.7 HIGH FIELD EFFECTS 


In all that we have considered so far we have assumed that the applied field 
produces only a small perturbation of the electron distribution so that the 
velocities imparted to carriers by the applied field are very small compared to 
their random thermal velocities. Under these conditions the electron tem- 
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perature, as defined by Eqn (2.50), is always that of the lattice, Ty (room- 
temperature). 

If the applied field is high, however, it will impart a significant velocity 
to the electron as it travels between successive collisions. Referring to 
Section 2.3.2, for example, we see that if the applied field exceeds 10° V/cm, 
the electron drift velocity calculated will have a magnitude close to the 
average thermal velocity! The electron distribution must then be significantly 
different from that in the absence of an applied field, and the concept of a 
small drift velocity superimposed on the thermal velocity, which had formed 
the basis of many of our assumptions, is no longer valid. The mean energy 
of the electrons is increased by the field and, defining a new electron 
temperature T, according to Eqn (2.50) we now have T, > Tp, the lattice 
temperature, and the electrons are said to be “hot”’. 


Electrons 


Mobllity cm?/Vsec 


10 
50 100 200 300400500 50 100° 200 300400500 
Temperature °K Temperature °K 
Fic. 2.18. The temperature dependence of electron and hole mobilities in Siand Ge.» ‘® 


There are important differences between the “hot” electron problem and 
the “cold” electron case considered hitherto. Thus as the average electron 
velocity is increased the rate of collisions with the lattice will increase so 
that simple lattice scattering will become more effective. Conversely, 
scattering due to ionized impurities or to optical polar lattice modes will 
become less effective. Other scattering mechanisms, unimportant for the 
“cold” electrons, may become important due to the much increased electron 
energy. Thus it is evident that when the electrons are heated the scattering 
becomes field dependent, and the whole problem of the electron-lattice 
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interaction becomes much more complex than in the low field case. The 
formulation of the hot electron problem and its solution form the basis of 
the following Chapter. However it will be instructive to consider here one 
aspect of the hot electron problem which is of importance in the elemental 
semiconductors Si and Ge. 


2.7.1 VELOCITY SATURATION 


In high fields the electrons can attain sufficient energy to excite optical 
mode vibrations of the lattice. From Fig. 2.14 it is clear that a minimum 
energy is required to do so, and this energy is very high, around 0:06 eV, 
more than double that of carriers at lattice temperature (300°K). A hot 
carrier, whose energy is sufficiently high, can lose this energy by colliding 
with the lattice and exciting an optical phonon. This emission of an optical 
phonon becomes an increasingly important means of removing energy from 
the electron system as the applied field is increased. Thus whereas optical 
mode interactions are of little importance at low fields because of their low 
thermal excitation, at the highest fields they are of prime importance 
because of the ineffectiveness of the low energy acoustic phonons in 
removing energy from the electrons. They act to limit the energies which 
the electrons can attain, and do it so effectively that the carrier drift 
velocities tend to a saturated value at very high fields. 

We can determine this saturation value by analysing the steady state 
condition where the rate of energy input to the carriers from the field 
(R,) is balanced by the rate at which they give up their energy by 
emission of optical phonons (R,). If to is the relaxation time for this process 
we have that 


R,= < (2.79) 
m 
and 
Roe (2.80) 
To 
where hvg is the optical phonon energy. 
Equating R, and R, we have 
h *)+ 
sea eS (2.81) 


. eE 


so that the saturated drift velocity of the; carrier is given by 


et hvo\* 
Ves = — E= (22) ‘ (2.82) 


m* 
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The carrier saturation sets in at fields of around 10*-10° V/cm and the 
saturated velocities are around 10’ cm/sec in all cases. Figure 2.19 shows®™ 
the high field region of interest for both types of carrier in Si. 
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Fic. 2.19. Velocity field characteristic for electrons and holes in Si showing onset of 
velocity saturation. © 


2.8 CARRIER DIFFUSION 


When a non-uniform distribution of carriers exists in a material then a 
current will flow in the absence of any applied field which is due to 
diffusion of carriers from one region to another. 

The non-uniformity referred to may simply be in carrier concentration, or 
it may be a non-uniformity in carrier temperature. 

Carrier diffusion is analogous to the diffusion which occurs in gases. If 
we consider the simple one-dimensional case shown in Fig. 2.20 where a 
pressure gradient exists along the X-direction, then the total force on all 
carriers in the length 6x is 


dp 
——.6x.A 
dx 
where A is the cross-sectional area. 
Carrier 
density 
p N ———> p + do/dx 5x 
Je Bx —+ = 


Fic. 2.20. Simple model for carrier diffusion. 
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In the volume considered there are nA6x carriers, where n is the 
carrier density. Hence the force per carrier is 1/n.dp/dx and this force 
will produce a drift velocity 


poo he (2.83) 


In thermal equilibrium the relationship between pressure, temperature and 
carrier density in our carrier “‘gas’’ is simply 


p=nkT (2.84) 
ie at) Sean, (2.85) 
n dx 
Defining a diffusion coefficient 

p= SAT (2.86) 

we have iy ca 

seepten h nee 2.8 

V a dy P) (2.87) 


and the current density due to diffusion will be 
Jaire = —e e (nD) (2.88) 
diff — dx . . 
When carrier temperature, and therefore diffusion coefficient, are inde- 


pendent of position the drift velocity due to diffusion becomes 


ne (2.89) 
n dx 


The values of the diffusion coefficient at 300°K for electrons and holes in 
GaAs are 200cm?/V sec and 6cm?/V sec respectively. 


2.8.1 DEBYE LENGTH 


In a semiconductor in the steady state, the total current flowing will be 
the sum of the current due to diffusion and that due to the applied 
field (Eqn (2.44)) 


d 
Jin = Jaite + J = - ea, (ub) + cE. (2.90) 
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If a non-uniform carrier distribution exists in a material in the steady 
state and under zero applied bias (as at an n* — n boundary for example), 
then J,,, = 0 since no net current can flow in the absence of an applied field. 
If we take for example an n-type semiconductor, and assume that the 
carrier temperature is uniform everywhere, we can then write 


eD — = nepE (2.91) 


where E is a built-in internal electric field which must be set up to produce 
a force on the electrons to balance the natural force of diffusion. 

If the background ionised impurity density is ng we have from Poisson’s 
law 


dE e 
ae = eo (n = No). (2.92) 
If (n — no) = An € no we have 
dE e 
as aap An, (2.93) 


Hence from Eqns (2.91) and (2.93) we can write 


d?An epny 
cr a D (2.94) 
for which the solution is 
An =n — No = Aexp — x/Lp (2.95) 
where 
Lp = Jee o/epno) 
or, alternatively, 
Ly = V(KT t&o/nge’). (2.96) 


Thus if a localized non-uniform carrier concentration is set up in a material 
its influence will mainly be restricted to a length Lp, known as the Debye 
length. Putting in values appropriate to GaAs with 10'° electrons/cm? 
and at 300°K, we find that Lp) ~10~°cm. Although the derivation of 
Debye length given here applies strictly only to the case of zero net current, 
it is still applicable to the situation where net current flows, provided that 
the current is much less than the two opposing currents of which it is the 
resultant. 
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The Debye length can also be written in the form 
Lp = V(Dee,/o) = ./Dt, (2.97) 


where Tf, is the dielectric relaxation time. 


2.9 DIELECTRIC RELAXATION TIME 


We will consider an n-type semiconductor with electron density ng to which 
a field is applied and the resulting electron drift velocity is v9, Suppose that 
for some reason a small excess electron bunch builds up in the semiconductor. 
This will necessitate adjustments in the field distribution and electron velocity, 
and the situation is depicted in Fig. 2.21, as can readily be verified by 
applying Poisson’s equation. Thus the electrons at the front of the 
perturbation travel faster than vg and those at the rear travel slower than 
Vo. The result is that the excess charge begins to spread itself out and 
eventually it disappears. t, is a measure of the time it takes to do so. 
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Fic. 2.21. Electric field (b) and electron velocity (c) distributions in an n-type semicon- 
ductor due to a localised perturbation in the electron density (a). Eo, vo, mo are the unper- 
turbed values and £, P, # represent the fluctuations. 


The current density in the material will be 
Jo t J = e(np + Ailvg + 3) (2.98) 


where Jo, Mo, Vo are steady state values and J, a, 6 the small signal 
fluctuations. 
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From Poisson’s equation we have 


EE ~ 
OE Ae (2.99) 
Ox = Ey 
and from the continuity equation 
on Od 
—+2—=0. 2.100 
"ott as 
Eliminating J and fi from Eqns (2.98)-(2.100) we obtain 
aE OPE do 
— — —=0. : 
UpEEO ax2 + && ahi + eng oe (2.101) 
Writing 
B= pE (2.102) 
we have 2 2 
@E oE 
Up EE ae + && Cre + eno = = 0. (2.103) 


If at time ¢ = 0 the field distribution is f(x), then it can readily be seen from 
Eqn (2.103) that at time ¢ 


t 
E, = f(x — vot) exp — = (2.104) 
where 
T, = €€/eno hl. (2.105) 


Thus the perturbation travels with the same velocity as the electrons and 
decays at a rate 1/t,. t, is known as the dielectric relaxation time. Taking 
again as our example, GaAs with 10° electrons/em* and at 300°K, 
t =107'? sec. 

It is important to point out that the analysis given here, applying as it does 
to small changes in all the quantities, does not presuppose a completely 
linear v — E relationship for the electron. The mobility defined in Eqn (2.102) 
applied to small signal values and we have only required linearity over a 
small excursion about E = Ey. The mobility as defined is in fact the 
differential mobility dv/dE and says nothing about the v — E relationship 
at fields other than Ep. 


2.10 SMALL SIGNAL MOBILITIES 


Longitudinal Mobility jy, 
Consider a semiconductor subject to a bias field Ey in a certain direction 
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which produces an electron drift velocity vg in the same direction. If the 
field is increased by an amount dE as shown in Fig. 2.22(a), this leads 
to an increase dv in drift velocity. The semiconductor mobility appropriate 
to small changes in the field is dv/dE and in this case it is simply given by 
the slope of the velocity field curve at the field E = Ey (Fig. 2.22(c)). 


(a) £, dé 
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—=—S— 
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Drift velocity v 


Fic. 2.22. Field and velocity vectors relating to field perturbations (a) in the longitudinal 

direction (b) in the tranverse direction. Eg is a steady bias field and vo the corresponding 

velocity. A general velocity field characteristic for the electrons is indicated in (c). The 

longitudinal and transverse small single mobilities are given by the tangential and d.c. 
(vo/Eo) values respectively. 


Transverse Mobility pry 

We now examine the mobility which is appropriate when the perturbing 
field is transverse to the bias field. The situation is described in Fig. 2.22(b). 
The effect is to rotate the field vector slightly, leading to a corresponding 
rotation in the velocity vector. To a first order the magnitude of the field 
vector, and therefore also the velocity vector, will remain unchanged, so that 
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the field and velocity triangles are similar. Hence we can deduce that 


—=—, (2.106) 


where dv is the component of the electron drift velocity in the direction of 
the perturbing field. The semiconductor mobility yz; appropriate to small 
transverse perturbations is again dv/dE and it is seen from Eqn (2.106) to be 
given in this case by 


Epes (2.107) 


Thus whereas the small longitudinal mobility yz; is given by the slope of the 
velocity field curve at E = Eo, the small signal transverse mobility is given 
by the slope of the line connecting the working point to the origin 
(Fig. 2.22(c)). 

The longitudinal mobility 4, may become negative in some semiconductors 
over certain ranges of E, and it is this property which provides the basis for 
the active devices discussed in this book. 
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Chapter 3 
The Velocity-Field Characteristic 


3.1 INTRODUCTION 


A general introduction to semiconductor conduction processes was given 
in Chapter 2. In this chapter a more detailed description will be given of 
the processes relevant to materials exhibiting the transferred electron effect. 
At low electric fields the relationship between the drift velocity and electric 
field of gallium arsenide is ohmic. As the electric field is increased a point 
is reached where the drift velocity no longer increases but begins to decrease. 
The drift velocity-electric field characteristic has a region of negative dif- 
ferential mobility (Fig. 3.1). The electric field at the turning point is called 
the threshold field, E;. The negative differential mobility will be shown in 
Chapter 4 to cause a rapid readjustment of space charge within the material 
resulting in a non-uniform electric field. For this reason it is extremely diffi- 
cult to make the observation described above. The techniques required will- 
be described towards the end of this chapter. Initially we will be concerned 


Drift velocity 


Electric field 


Fic. 3.1. The form of the velocity—field characteristic of electrons in GaAs. 
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with the description and calculation of the relationship between the mean 
electric field under assumed steady conditions and the drift velocity. 

The negative differential mobility arises from the particular form of the 
conduction band structure of gallium arsenide (Fig. 3.2). At low electric 
field and room temperature the conduction electrons occupy the central 
conduction band valley over the thermal energy range (about 0-025 eV). The 
electrons are acclerated by the electric field and they collide with crystal 
lattice imperfections (predominantly thermal vibrations in pure material). 
On collision, they lose a component of their momentum directed along the 
electric field and loose some of their increased kinetic energy to the lattice 
as Joule heating. The latter energy appears as Joule heating. For the polar 
scattering mechanism predominant in the central valley of pure GaAs not 
all of the directed momentum is randomised, nor is all the excess kinetic 
energy delivered to the lattice at each collision. After application of an 
electric field some of the kinetic energy gained from the field is effectively 
shared between all the electrons as their momentum is redirected, so that their 
mean energy or temperature rises. This causes an increase in the scattering 
rate until equality again exists between the energy delivered by the electric 
field to the electrons and the energy delivered by the electrons to the lattice. 
As the electric field is increased the equilibrium state exists at a higher electron 
temperature, and there is a directed component or “‘streaming”’ of the electron 
velocities (Fig. 3.3) because momentum is not randomised at each collision. 
It might be expected that the change in scattering rate arising from the 
increased electron temperature would cause deviations from Ohms law 
as the electric field is increased. However, the polar scattering mechanism 
becomes progressively weaker at the generally higher electron velocities 
associated with the increasing electric field, and this compensates the 
increased scattering rate to give a rate of momentum redistribution 
which is almost field independent. Therefore electronic conduction in the 


eee Satellite valleys 


Fic. 3.2. The band structure of GaAs on either side of the forbidden energy gap. 
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central valley is approximately ohmic for fields below threshold even though 
the electrons have a temperature in excess of that of the lattice. 


Electrons for 


transfer Post threshold 


field 


Fic. 3.3. Schematic cross-section of a surface of constant f(k) in k space for a low anda 

high electric field. It illustrates the streaming and temperature increase of the electrons at 

high fields in the central valley if intervalley transfer did not occur. Electrons with k greater 
than the value corresponding to @s have the possibility of intervalley transfer. 


The electron temperature increase continues until the thermal and drift 
energy is comparable with the energy spacing of the central valley of the 
conduction band and the next highest energy band (Figs 3.2 and 3.3). The 
latter band is known as the satellite valley of which there are three equiva- 
lents in gallium arsenide. These satellites lie 0-36eV above the central valley 
minimum and have an electronic effective mass of 0:4 mp, (about six times the 
central valley electron effective mass). As a result of the higher effective 
mass the density of available electron states in unit energy interval is much 
higher in the satellite valleys than in the central valley. Electrons whose energy 
is greater than the satellite valley minimum have the possibility of scattering 
to this valley from the central valley. When equilibrium is achieved in this 
so-called intervalley transfer process the greater proportion of electrons 
with the energetic capability lie in the satellite valleys. As the electric field 
is further increased more electrons have sufficient energy for intervalley 
transfer and so more of them occupy the satellite valleys. The electron 
mobility in the satellite valleys is much smaller than in the central valley 
(about a factor of 70) owing to the higher effective mass of the electrons and 
the stronger scattering processes which are operative in the satellite valleys. 
There is now the possibility of a differential negative resistance existing in 
the velocity—field characteristic. 
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The steepness of this negative differential resistance depends on the rate 
of change of the valley populations with electric field (Fig. 3.4). If this is 
small there may be no negative resistance and only a saturation effect. 
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Fic. 3.4. The variation of the negative slope for field sensitive and field insensitive 
distribution functions in the central valley. 


The characteristics of the polar scattering mechanism in the central valley 
now become important. It was mentioned earlier that this form of scattering 
becomes weaker as the electron kinetic energy increases. At a critical electric 
field (peculiar to the material) the polar scattering can no longer transfer 
electronic kinetic energy to the crystal lattice as rapidly as it is supplied by 
the electric field. Therefore the electron temperature “runs away’. This 
phenomenon has been related to dielectric breakdown in other materials. For 
gallium arsenide the critical field is about 5kV/cm. At electric fields a little 
below the critical one the electron temperature (mean energy) in the central 
valley rises considerably for small electric field increases, and the predominant 
energy electron temperature increases occur in this region. The threshold 
electron for intervally transfer occurs at an applied field of about 3-5 kV/cm 
and the high sensitivity of electron energy in the central valley to electric 
field causes a rapid intervalley transfer of electrons so that a negative 
differential resistance occurs. 

It is the purpose of this chapter to describe quantitively this transferred 
electron effect. Most of the calculations will refer to GaAs because this 
material has received far more practical attention than any other which 
exhibits the transferred electron effect. Where appropriate, the properties 
of other materials will be considered. 

We now turn briefly to the experimental evidence that the above mechanism 
is indeed the one occurring in the Gunn effect and related devices. All 
materials that have exhibited the effect (gallium arsenide, indium phos- 
phide, cadmium telluride, zinc selenide and indium arsenide under pres- 
sure) have the same band structure as described above. Other materials 
with the same conduction band structure which do not exhibit the effect 
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have their valence band to conduction band energy gap smaller than the 
central valley (lowest conduction band) to satellite valley energy gap. As a 
result the electron temperature runaway, described above, causes impact 
ionisation of electrons across the fundamental energy gap, before intervalley 
transfer can occur.“ Indium arsenide is a material whose behaviour may 
be changed from the exhibition of impact ionisation to the Gunn effect by 
application of uniaxial stress along the <111} direction.@) Such a stress 
modifies the band structure by lowering the satellite valley energy with 
respect to the central valley and increasing the fundamental energy gap. 
After the attainment of a critical pressure, intervalley transfer occurs before 
impact ionisation. 

The crucial experiment which first demonstrated that the two valley trans- 
fer model was correct was performed on gallium arsenide under hydrostatic 
pressure.‘*) As the pressure was increased it was found that the threshold 
field for the Gunn effect decreased in accordance with the reduction of 
the energy separation of the satellite and the central valleys. At a pressure 
of 26 kilobars the Gunn effect oscillations disappeared. This pressure 
is in good agreement with that theoretically required to cause the satellite 
valley minima to fall to the same energy as the central valley minimum. 
Under this condition the satellite valleys would be occupied at room tempera- 
ture in the absence of an electric field. Therefore no field induced transfer 
could take place and no differential negative resistance could be observed. 

All other explanations of the Gunn effect required only one conduction 
band valley for the electrons. The importance of the above evidence is the 
demonstration of the necessity of a two valley model to explain the behaviour 
of the threshold field and the absence of effects when intervalley transfer 
cannot occur. 

The following sections consider quantitatively the form of the velocity— 
field relationship in gallium arsenide that is derived from the intervalley 
transfer mechanism. This involves the quantitative formulation of the cal- 
culation, together with consideration of the relevant properties of gallium 
arsenide and the approximations required to carry the calculation to 
completion. 


3.2 FORMULATION OF THE PROBLEM 


Calculation of the velocity—field characteristic involves knowledge of the 
electron band structure of the material under consideration and the distri- 
bution of electrons over it. In this section it is shown how these two features 
may be separately considered. 

A conductor in an electric field, E, carries a current density, J(E), which 
is related to the sum over unit volume of material of the individual electron 
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velocities, v:— 


(8) = e( » v). (3.1) 


unit vol. 


The number distribution of the electrons over the available velocities is 
required to perform the summation. In order to incorporate the results of 
the wave mechanical calculation of the electronic distribution function in 
(3.1) it is convenient to use the wave vector k, of the electronic wave function. 
The velocity of the electron is the group velocity of the electronic wave 
function given by:— 


nk) = + (2) (3.2) 


where @ is the electron energy. For a parabolic band, labelled i, with effective 
mass m,* and energy minimum at k,, (3.2) simplifies to:— 


v(k) = “« —k,) (3.2a) 


k can only take discrete values which have a constant spacing in a three- 
dimensional representation of this vector quantity known as “k space’. 
These individual values are known as “‘k states’. The electron distribution 
function f(k) is now defined as the probability for each electron that the 
state k is occupied, so that f(k) is normalised by the condition:— 


me (k) =1 (3.3) 


which simply states that the electron exists somewhere in k-space. 
The current summation of (3.1) can be rewritten using (3.2) as:— 


ne) = “2 y Ss, 3.4) 


A frequently used alternative to J(E) is the mean electron drift velocity 


ae) 1 


ie) =O = Fy Sw G6) 


which for a parabolic band structure simplifies to:— 


2 h 
v(E) = mi » k — k)f(k). (3.5a) 


The dependence of mean drift velocity on applied electric field may be 
calculated once the field dependence of the distribution function f(k) and 
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the band structure of the material (giving (d&/dk)) have been determined. 
Determination of the former is carried out by solution of the Boltzmann 
equation which is formulated in Section 3.4. 


3.3 BAND STRUCTURE OF GAAS 


The lower part of the conduction band structure of GaAs‘*® within which 
transferred electron effects occur is illustrated in Fig. 3.2. The valence band 
edge is also included for comparison. 

The single valley conduction band edge (“central valley’’) lies at the 
centre of the Brillouin zone. It is spherically symmetric with respect to the 
electron wave vector but is non-parabolic. 0-36eV above the conduction 
band edge the effective mass is about 2:8 times that at the band edge, where 
the minimum effective mass ratio is approximately 0-07. The conduction 
electrons occupy this valley at room temperature with low electric fields. 

The next valleys at higher energy lie along the <100) directions 0-36 eV 
(@,) above the central valley minimum. Much less is known about these 
“‘satellite’’ valleys. Theory indicates that they lie at the Brillouin zone bound- 
ary®*®) so that there are three equivalent valleys and they have ellipsoidal 
constant energy surfaces. By comparison of known values for (100) valleys 
in Si and GaP (100) valleys at the conduction band edge) with a calcula- 
tion of the transverse effective mass ratio in GaAs“) Conwell and Vassell™ 
estimated that the transverse effective mass ratio (perpendicular to ¢100)) 
is 0:23 and the longitudinal effective mass (parallel to <100)) is 1-3. These 
values can only be regarded as tentative. 

Information on the higher valleys of the conduction band is even more 
sketchy than that of the ¢100) satellite valleys. No reason has yet been 
found to include effects from them and they will therefore be neglected. 


3.4 THE BOLTZMANN EQUATIONT 


The electron distribution function depends upon external forces due to 
fields and diffusion which cause it to alter from its unperturbed equilibrium 
state, and the scattering effects of lattice imperfections which tend to restore 
this equilibrium. The Boltzmann equation describes these processes: the 
net rate of change of f(k) is equal to the algebraic sum of the rate of 
electron redistribution. i.e. 

d 0 

af = ($700) 


+ (S700) + (S700) e336) 


diffusion fields scatt. 


t For a full discussion see J. M. Ziman, ‘‘Electrons and Phonons’’, Oxford University 
Press, 1963, and E. M. Conwell, ‘High Field Transport in Semiconductors’, ‘‘Solid State 
Physics”, suppl. 9, Academic Press, 1967. 
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The following development of the Boltzmann equation includes effects which 
are not required for the present chapter but will be needed for reference in 
subsequent chapters. 


(i) Diffusion effects 
The first term on the right hand side of 3.6 arises when spatial gradients of 
electron density or temperature exist so that the number of electrons with a 


particular value of k (classically with a particular velocity) entering a region 
of the material does not equal the number leaving. 


[-- fi) = Hib) (v, fe). (3.7) 


v(k) indicates the electron velocity as a function of k, and V, is the spatial 
gradient. f(k) also has an implicit spatial dependence when 3.7 is non-zero. 
(ii) Electric and magnetic field effects 


When an electron is accelerated by the effect of an external field it changes 
its k-state. The second term on the right hand side of 3.6 arises from such 
effects and is the k space analogue of the real space equation 3.7 


(<r) -- (uso). (38) 


V,, indicates that the gradient is to be taken in k space. 
The electron acceleration is caused by external electric and magnetic 
fields :— 
ok 


e 
oy (E + v(k) AH). (3.9) 


In this chapter f(k) is required from the solution 3.6 under the following 
conditions :— 


(a) steady state ie. d/dr) f(k) =0 

(b) spatial uniformity i.e. ((0/6t) f(k))aitrusion = 9 
(c) magnetic field absent i.e. H = 0. 

Equations (3.6), (3.7), (3.8), and (3.9) simplify to:— 


e d 
FEUSw = (FSO) (3.10) 


scatt. 


(iii) Scattering effects 
The objective of this section is to show how the scattering term on the right 
hand side of Eqn (3.10) may be “‘broken down” into the separate effects of 
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the number of scattering imperfections (regarded generally) and their 
individual scattering power. 
The scattering term in (3.10) may be written as:— 


ccs 


ya =}, {Sk KAI — F0) — Sk, KIS A) (1 FD}. G11) 


S(k’, k) is the scattering probability from a state k’ to state k in unit time, 
and is weighted by the necessary transition conditions that an electron occu- 
pies the initial state (probability f(k’)) and the final state is empty (prob- 
ability (1 — f(k)). It would be possible to write Eqn (3.10) as a differential 
equation, but for the presence of f(k’) in Eqn (3.11) and it is this term which 
causes the complexity in solving the Boltzmann equation. 

For the non-degenerate materials used in transferred electron devices 
f(k) <1 and (3.11) simplifies to:— 


ee 


) ee pe {S(k’, k) f(k’) — S(k, k’) f(k)}. (3.12) 


The summation of (3.12) is conveniently transformed to an integral over 
k-space because of the quasi-continuous spacing of allowed k states. Each 
of these states occupies a volume of (823/V) of k-space“ throughout which 
they are uniformly spaced. V is the crystal volume. Therefore the trans- 
formation of the summation of (3.12) to the equivalent integral is:-— 


V 
¥ (R.HLS of 3.12) = i) (R.HLS. of 3.12) —, dk’ 
ke k’ 8x 


where dk’ is an elementary volume of k-space. In general S(k’, k) # S(k, k’) 
but (3.12) may be developed to the following more convenient form for one 
phonon scattering processes, which requires only one coupling coefficient, 
P(k, k’) between the states k and k’. (see Appendix 1.) 


(“ (k) 


ot es = 2, Pit, k’) [iN f(k’) a (Nia aa 1) f (k)} 6(8(k) 


— &(k’) — hog) — (Naf) — N@ +Dfk)} 
x 6(6(K’) — &(k) — hag)] (3.13) 


where the thermal equilibrium phonon population Nig) per unit volume at 
temperature T, phonon frequency w and wave-vector q is given by:— 


Nay = {exp (heo(q)/kgT) —1}~* (3.14) 


k, is Boltzmann’s constant and the 6-function is included in Eqn (3.13) to 
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indicate that the scattering probability is only non-zero if the overall energy 
is conserved. 

For many scattering processes in an isotropic semiconductor the scattering 
rate is approximately proportional to the deviation of the distribution 
function from its equilibrium value and an alternative development of 
Eqn 3.10 can be made. i.e. 


( of (k) 


a), LF 00 ~ fol G.19) 


where the subscript 0 indicates the thermal equilibrium distribution function. 
The constant of proportionality has the dimensions of (time)~? and (3.15) 
is usually referred to as the relaxation time approximation. It was used in 
Chapter 2. The conditions for its validity are considered in Appendix 2. 
If the relaxation time is t:— 


(22) == 00 


"7 - (3.16) 


Great difficulty is generally encountered in solving Eqn (3.10) owing to 
the complexity of the scattering terms of (3.12) and simplifications such as 
(3.16) have to be introduced. Before considering the methods of solution the 
important scattering processes will be presented. The semiconductor band 
structure places restrictions on the type of scattering processes allowed and 
on the possible values of k and k’. The relative strength of the allowed pro- 
cesses will determine the important mechanisms to be included in (3.12). 


3.5 IMPORTANT ELECTRON SCATTERING MECHANISMS IN GAAS 


In the following sections the important electron scattering mechanisms are 
summarised and references to detailed treatments are made. Wherever 
phonons have been involved in the calculation of scattering probabilities 
they will have been assumed to be in thermal equilibrium with the lattice. 
Their distribution over energy (or frequency) is described by the Bose— 
Einstein Eqn (3.14). 

The weak dependence of w 4), and so of Nq) on q for optical phonons 
near the centre or a boundary of the Brillouin zone, will be neglected. 


(i) Intravalley scattering in the central valley 


For scattering events between initial and final states in the same valley 
(intravalley scattering) the electron wave vector is always close to the wave 
vector of minimum energy (k = 0 for central valley). Therefore, con- 
servation of wave vector requires that scattering interactions only take place 
with large wavelength phonons. 


IMPORTANT ELECTRON SCATTERING MECHANISMS IN GAAS 67 


(a) Polar scattering by longitudinal optical phonons. The crystal binding of 
GaAs is partially ionic® so that an electron introduced into such a material 
will induce an electrical polarisation of the lattice. In turn, the dipolar 
electric field arising from the opposite displacement of negatively and posi- 
tively charged atoms provides a coupling force between the electron and 
lattice, which is most powerful when the maximum number of induced 
dipoles are in parallel alignment. Motion of the electron will result in a 
sympathetic movement of the lattice in response to the dynamical coupling 
forces. This description is indicative of the interaction between electrons 
and longitudinal optical phonons which is strongest for long wavelength 
phonons. By comparison the interaction with transverse optical phonons 
is negligible because the relative displacements of nearest neighbour atoms 
produces no first order polarisation. 

The polar scattering mechanism is dominant in the central valley of GaAs 
for low electron energies and its coupling coefficient (see Section 3.4. iii) 
is given by:— 


P(k, K’)potar hax 


4 Deed 
a Mo ) (3.17) 


V & fe é,/ |k — k'|? ; 
@o is the longitudinal optical phonon frequency at the centre of the Brillouin 
zone, V is the crystal volume and «,, and ¢, are the high frequency and static 
dielectric constants respectively. The latter quantities are a measure of the 
effective ionic charge of the Ga and As atoms.® 

The existence of |k — k’|? in the denominator of (3.17) is a consequence 
of two effects. The shorter wavelength (large k — k’) phonons have a smaller 
scattering effect on the electrons and the scattering experienced by high 
velocity electrons is weak, as is expected of all coulomb scattering processes. 
As the electron energy (and consequently its k-vector) increases, the rate 
of energy loss of electrons in a parabolic band to polar optical phonons 
reduces." Frohlich”) has shown that the electron distribution in a 
parabolic band subject only to polar scattering is unstable and “runs away” 
under the influence of an electric field of any magnitude. However, there 
are always other scattering mechanisms operative at high electron energies. 
For example, electron-electron collisions which conserve total momentum 
and energy in the electron system, but tend to share the energy between all 
electrons, increase the mean scattering probability by involving the low energy 
electrons. The result of these additional scattering mechanisms is to stabilize 
the electron energy distribution for applied electric fields below a maximum 
E,. At E, the distribution becomes unstable and runs away.) This effect 
has been associated with dielectric breakdown of polar crystals‘*? and is 
referred to as “polar breakdown”’. 
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Non-parabolicity of the energy bands can also stabilize the distribution. 
(13,14) This arises from the increased number of states to which an electron 
can be scattered owing to the decreased slope of the &-k relationship that 
is implied by non-parabolicity. Providing that there is a sufficient devia- 
tion from a parabolic &-k relation the electron distribution function resulting 
from the polar mode scattering is not unstable under any electric field. 


(b) Acoustic intravalley scattering. Deformation potential scattering by 
acoustic phonons is far weaker than polar scattering at low electron ener- 
gies but they become comparable at higher energies when polar scattering 
becomes weaker. This is particularly so if non-parabolicity of the central 
valley is neglected. The deformation potential scattering process is caused by 
dilation of the lattice by long wavelength longitudinal acoustic phonons. 
Electrons travelling through the lattice experience a long wavelength modula- 
tion of the lattice periodic potential so changing their propagation charac- 
teristics. The effect is similar to the passage of light through a medium of 
slowly varying refractive index. The reflection coefficient (ie. scattering) 
of the electron waves from this spatial modulation is dictated by the change 
in propagation characteristics. Bardeen and Shockley°® analysed this 
model and characterised the scattering probability in terms of a deformation 
potential, &,,, which is the mean change in potential energy of the lattice 
periodic potential per unit strain, and also the energy change of that part 
of the electron band structure under consideration. 

The deformation potentials differ for each valley of the overall band 
structure but are of the order of 10 eV for most materials. The explicit form 
of the coupling coefficient, P(k,k’),,, for longitudinal acoustic phonons 
isnt” 

Ree. 


sad ar 


|k —k’| (3.18) 


where p is the density of the material and s the sound velocity. For energy 
bands with spherical constant energy surfaces there is no contribution to 
scattering from transverse acoustic phonons because to a first order they 
do not dilate the lattice. 


(c) Electron—Electron Scattering. Collisions between electrons conserve 
both the total momentum (wave vector) and the energy of the electron dis- 
tribution. For this reason they are only of secondary importance in the 
calculation of a mean electron drift velocity. Their importance lies in the 
“‘mixing’’ of the distribution function that such collisions cause, and so 
they modify the effect of other scattering mechanisms owing to the energy 
dependence of the latter. In practice the electron-electron collision rate 
(which increases as the electron density increases) is compared with other 
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energy and momentum loss processes in order to decide the appropriate 
approximation to use in solving the Boltzmann equation.“® If the carrier 
concentration is high enough for energy and momentum redistribution to 
occur more rapidly with electron-electron collisions than with other scat- 
tering mechanisms the distribution function is forced to be Maxwellian, and 
the drift motion induced by an electric field is equally shared by all electrons. 
This “drifted Maxwellian” approximation was first introduced by Frohlich 
and Paranjape“”, and the distribution function is of the form:— 


h? e —h? ‘ 
where d is the drift motion written as a displacement in k-space. 

At intermediate concentrations the energy distribution is Maxwellian, 
but the drift motion is not equally shared by all electrons. This distinction 
between the importance of electron-electron collisions in determining the 
drift motion (momentum) and energy distribution arises because of the 
generally longer time required for energy relaxation, compared with momen- 
tum relaxation. In the case of collisions with phonons, each collision re- 
directs the momentum, but the probability that a phonon will be emitted is 
proportional to (N(q) +1) while the probability that a phonon will be 
absorbed is proportional to N(q) (3.39). (N(q) is thenumber of phonons avail- 
able for scattering—see Eqn (3.14)). Therefore on average the electron will 
only lose one phonon’s “worth” of energy every (2N(q) +1) collisions. 

For very low electron densities, electron-electron collisions are negligible 
and the distribution function is generally non-Maxwellian under the influ- 
ence of an external field. In the central valley of GaAs the rate of energy 
loss of electrons in electron-electron collisions can only exceed their rate of 
energy loss in polar optical phonon collisions if the electron density is greater 
than 3 x10!7cm73.@% Practical transferred electron devices have an 
electron density between 101+ cm~? and 1026 cm~3, so that electron-electron 
collisions are not significant. 


(d) Impurity Scattering. In addition to the electron scattering by dynamic 
lattice imperfections discussed in the previous sections, scattering is also 
caused by static imperfections. Except at low temperatures scattering by 
electrically charged ionized impurities is the most important of these phe- 
nomena. This mechanism is the same as Rutherford scattering of «-particles 
by nuclei. The change of electron trajectory on passing a charged impurity 
is illustrated in Fig. 3.5. The scattering is strongest for small impact para- 
meters (distance of closest approach of electron and impurity if no scat- 
tering occurred) and for low electron velocities. As the impact parameter is 
increased the effect of all the other electrons in the material is to ‘‘screen”’ 
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out the electric field of the charged impurity. Calculation of the scattering 
strength by Conwell and Weisskopf“'®) neglected impact parameters greater 
than half the mean separation of impurity atoms, while the calculations 
of Brooks and Herring“ applied a Debye screening term to limit the scatter- 
ing at large impact parameters. Fuller details are given by Paige.“°) Both 
calculations give similar results differing only by a small factor. For iso- 
tropic constant energy surfaces in k space the energy dependent relaxation 
time, t;(&), for electrons is given by Conwell and Weisskopff as:— 


a Z? et 4nee, & \? 
See a wh | 
qA6) ene en? (amie? n| + (Fotis (3.20) 


Z is the number of electronic changes on the impurity which has a number 
density 7, per unit volume. é€p is the dielectric constant of the material. No 
energy is exchanged in ionized impurity scattering which becomes pro- 
gressively weaker at high electron energies. As noted previously, the weaken- 
ing of the interaction is a characteristic of all coulomb scattering process. 
Scattering of electrons by neutralimpurity atoms also occurs but is negligible 
except at very low temperatures and will not be considered further 
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Fic. 3.5, Scattering by ionized impurities. 


Two other scattering mechanisms occur under the general heading of 
impurity scattering. In these the scattering centre is not a single atom but a 
multiplicity of atoms, and is caused by a material growth defect. In order 
to explain anomalies in the low field mobility of n-type GaAs Weisberg?” 
suggested that intrinsic regions occur in the material due to local compensa- 
tion of the donors. This intrinsic region will be surrounded by space-charge 
owing to the difference in Fermi level of the bulk of the material and the 
intrinsic region. For a carrier concentration of 10/° cm™$ or greater (typical 
for Gunn effect material) the potential difference is about one half the 
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energy gap, and is effectively an infinite wall for all conduction band electrons 
concerned in transferred electron action. Conwell estimates their diameter 
as 200A for a free carrier concentration of 10'>cm~>. Treating these 
scattering centres as large impenetrable spheres she estimates the relaxation 
time for the process as:— 


1 
ee 


J/2n,Q (€ — &o)* 

= VOSS 3.21 

Gn) (3.21) 

n, is the number density of the impenetrable spheres of cross-sectional area 

Q. v is the electron velocity in a valley with energy minimum & . Space 

charge effects may also occur at dislocations causing a similar type of 
scattering.» 


(e) Resonant Scattering. The scattering processes discussed so far are first 
order processes. They are weak perturbation interactions of one phonon or 
one impurity with an electron. Second order processes in which two scat- 
tering agencies simultaneously participate are usually neglected because of 
their much smaller probability. In the case of weak polar coupling it has 
been shown that two phonon processes may cause scattering rates which are 
comparable with the single phonon scattering rates.‘°*) These processes 
take two forms. In the elastic process one phonon is absorbed and one 
emitted so that the electronic momentum may be randomized without a 
change in kinetic energy. In the inelastic processes two phonons are sim- 
ultaneously absorbed or emitted. Calculation of the scattering rates of 
these two phonon processes shows that it is proportional, not to the square 
of the polar coupling constant as may be expected, but is linearly proportional 
to it. The elastic scattering will tend to drive the electron distribution func- 
tion towards a near spherically symmetric form in k-space, so giving a little 
extra support to the later use of a drifted Maxwellian form of the distribution 
function by Butcher and Fawcett. 


(ii) Intervalley scattering from the central valley. 


Electrons with an energy greater than 0-36eV above the conduction band 
minimum have the possibility of transfer to the heavy mass, low mobility, 
<100> satellite valleys at the edge of the Brillouin zone. This scattering process 
requires a phonon with a large wave vector, and group theoretical selection 
rules‘?”) show that the longitudinal optical phonon is the only one allowed 
if the satellite valley minimum lies on the edge of the Brillioun zone. Because 
the initial and final electron states are always close to the centre or edge of the 
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Brillouin zone the phonon wave vector lies close to the zone edge and its 
energy dependence on wave vector may be neglected. By convention the 
scattering probability is written in the deformation potential formalism and 
is of the form 


P(k,k’),2 = av Die (3.22) 
w is the zone edge frequency of the scattering phonon and D,, is the coupling 
constant or deformation potential field of the interaction. The formalism 
is slightly different from the case of acoustic phonons (Eqn (3.18)) because 
phase velocity is not a convenient description of the dispersion relation 
of a zone edge phonon. The sound velocity, s, is replaced by a/q where the 
phonon wave vector q (equal to k — k’ for the electron) is close to the zone 
edge value z/a. a is the lattice spacing. D,. is equivalent to Ex/a and so 
has the form of a deformation potential field with expected values of 
10®eV/cm to 10°eV/cm. At the time of writing D,, had not been calcu- 
lated or measured and had to be treated as an arbitrary parameter. If the 
value chosen is too low, the intervalley scattering probability will be small. 
Consequently, the predicted upper frequency limit for transferred electron 
oscillations will be low and there will be too many high energy electrons 
in the central valley. Copeland@* has shown that these high energy electrons 
will cause a low field avalanche at an electric field of about 4k V/cm. Such an 
effect does not occur in good quality material.°*) Both of the above 
observations may be used to set a lower limit to D,, of about 108 eV/cm. 


(iii) Intravalley scattering in the satellite valleys. 


As in the central valley both polar optical and acoustic deformation potential 
scattering must be considered. There is generally a poor knowledge of the 
electron transport parameters in the satellite valleys because they are not 
appreciably occupied by electrons under normal conditions. Their ellipsoidal 
constant energy surfaces in k-space must be taken into account in summing 
their contributions to the conduction process. By comparison with the similar 
band structures of silicon and gallium phosphide and calculations for gallium 
arsenide Conwell and Vassell“ assume that the effective mass parallel to 
<100> is 1:3 m9 and perpendicular to ¢100) is 0:23 mo. (mp is the free elec- 
tron mass.) They find that the satellite valley mobility due to acoustic 
scattering is 1400cm?/Vsec by following the technique of Herring and 
Vogt.2°) The mobility due to polar scattering in the satellite valley is 
900 cm?/Vsec.“*? Measurements of the combined mobility can be made if 
the conduction electrons occupy these valleys. This has been achieved either 
by alloying gallium arsenide with gallium phosphide,?” or applying pres- 
sure to gallium arsenide.?© Both processes can cause the satellite valleys 
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to assume the lowest conduction band energy and the measured low field 
mobilities may be extrapolated to the pure or undisturbed conditions. 
Values lying between 100cm?/Vsec and 200cm?/Vsec are obtained. The 
next section will give the explanation of these low mobilities. Impurity scat- 
tering in the satellite valleys is neglected owing to the already low mobility 
caused by intrinsic processes. 


(iv) Intervalley scattering in the satellite valleys. 

Scattering occurs between satellite valleys (equivalent intervalley scattering) 
or between satellite and central valleys (non-equivalent intervalley scattering). 
The low density of states in the central valley cause non-equivalent intervalley 
scattering from the satellite valleys to have a negligible effect on the satellite 
valley mobility. The equivalent intervalley scattering coupling coefficient is 
of the same form as (3.22), i.e. 


Pk, k')22 = D,,? (3.23) 


nt 
paVv 
D2 is estimated as 10?eV/cm by comparison with results for the similar 
band structure of silicon.“ Quantitatively this scattering process is domi- 
nant and when added to the previous intravalley processes the low field 
satellite valley mobility becomes 145 cm?/Vsec, in substantial agreement 
with experiment. At high electric fields this value decreases owing to the 
increasing effectiveness of the scattering mechanisms as the electrons are 
heated. 


3.6 SOLUTION OF THE BOLTZMANN EQUATION 
Having developed the Boltzmann equation and considered the relevant 
electron scattering processes we should be in a position to solve the inter- 
valley transfer transport problem in GaAs. In general, such a solution is 
impossible without approximation. Initially two approximate approaches 
will be described and this will be followed by a discussion of more satisfying 
computer techniques. 


(i) The method of Butcher and Fawcett'?®»?9) 


The approach of these authors followed that of Frohlich and Paranjape.“”) 
The difficulty of solving the Boltzmann equation is avoided by assuming 
the form of the answer. If the electron density is sufficiently high, electron- 
electron collisions are predominant in “‘mixing’’ the electron energies and 
momenta. Under these conditions each electron can be considered to have 
tha same drift velocity and the distribution function is described by a dis- 
placed Maxwellian distribution function in k space” :— 


filk) = (sepa) oa es ay} (3.24) 
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The subscript i refers to the ith valley which has an energy minimum at k; 
an electron density n;, electron temperature T; and displacement in k-space 
of d,. It is difficult to justify this approach. However, no dependence of the 
velocity field characteristic on electron density was known at the time of 
these calculations and their convenience has much to recommend them. 

Butcher and Fawcett assumed that the distribution function had the 
above form in the central valley and in the satellite valleys with different val- 
ues of the parameters for each valley. The calculation was further simplified 
by assuming that the satellite valleys were spherically symmetrical and 
parabolic so that only one valley need be considered in the calculation. Its 
contribution was multiplied by three to account for all the satellite valleys 
and a suitably averaged effective mass (0:4 mp ) was used. Justification for 
this procedure is found in the absence of crystal orientation effects in ex- 
perimental results. 

Having assumed the form of the distribution function, it is relatively 
simple to calculate its parameters n,, d; and T; from the conservation equa- 
tions of electron density, wave vector and energy for the two valley system. 
In equilibrium the total rate of change of each of these quantities in each 
valley must be zero, i.e. 


of (kK) 

at 
where #(k) is a function of k only, taking, in turn, the values 1, (k — k;), 
and (&,(k) — A,). The subscript i indicates that the integral is taken over 
valley i, and k; and A; are respectively the electron wave vector and energy 
at the valley minimum. This technique is referred to as taking moments of 
the Boltzmann equation. For each valley one equation results for each of 
the two scalar integrals of (3.25) and three equations from the vector 
integral making a total of ten for central and satellite valleys. These 
equations and the equation 


7) 
[Su $(k)} dk -{ $(k).dk =0 (3.25) 


Din, =n 


are just sufficient to determine the ten values of the adjustable parameters 
Nis d;, T;. 

Of(k)/dt in (3.25) is the sum of the rates of change of f(k) due to 
fields and scattering, so that both valleys are coupled through the inter- 
valley scattering term. Intravalley electron—electron scattering does not 
appear in the calculation because it conserves the values of the three ad- 
justable parameters in each valley. The scattering mechanisms considered 
by Butcher and Fawcett were polar and acoustic scattering in the central 
valley, intervalley scattering from the central to satellite valleys, and polar, 
acoustic and equivalent intervalley scattering in the satellite valleys. 
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The determination of the parameters of the drifted Maxwellian distri- 
bution function allows a simple calculation of the field dependence of the 
electron drift velocity from:— 


a ae hv 
v (=) = ta m* | (k — k,)f (k) dk (3.5a) 

Further details of these calculations may be found in the original papers 
(30,31) and the later review articles.?®?® The results of the calculations 
are shown in Figs (3.6-3.10). They are independent of electron concen- 
tration except as a scaling factor because the scattering processes are 
weak enough for each process to proceed independently of any other, so 
allowing a simple addition of their effects. 
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Fic. 3.6. The velocity—-field characteristic of n-type GaAs calculated by Butcher and 
Fawcett at 300°K.'29-3) (Crown Copyright, reproduced by permission of the controller of 
Her Majesty’s Stationery Office.) 


The velocity—field curve is substantially linear to threshold with a mobility 
of 8100 cm?/Vsec which is typical of good quality GaAs. This linearity is 
a consequence of the small number of electrons transferred to the satellite 
valleys below threshold (6% at threshold). Above threshold the transfer 
proceeds rapidly with increasing electric field owing to the considerable 
temperature rise of the central valley electrons which is caused by the de- 
creasing effectiveness of the polar scattering. The steep negative slope has a 
minimum value of about —3000cm?/Vsec. Above 25 kV/cm the characteris- 
tic is substantially saturated owing to the decrease of electron mobility in 
both the central and satellite valleys as the electron temperature increases. 
The electron temperature rise and high electron drift velocity allows the 
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electrons to occupy a greater energy range of the conduction band structure 
and this is associated with a stronger intervalley scattering from the central 
valley and stronger scattering in the satellite valleys. 
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Fic. 3.7. The electric field dependence of the mobility of electrons in the central and 
satellite valleys of gallium arsenide calculated by Butcher and Fawcett.{29-3 (Crown 
Copyright, reproduced by permission of the controller of Her Majesty’s Stationery Office.) 
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Fic. 3.8. The fraction of the total number of electrons in the central valley as a function of 
electric field (Butcher and Fawcett‘?9-3), (Crown Copyright, reproduced by permission of 
the controller of Her Majesty’s Stationery Office.) 


The rapid increase of electron temperature in the central valley (Fig. 3.9) 
above threshold is'a consequence of the decreasing effectiveness of the 
polar scattering mechanism at high electron velocities. At high electric fields 
the number of electrons in the central valley becomes very small but their 
temperature is extremely high and is communicated to the satellite valley 
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electrons after intervalley scattering so causing their high field temperature 
increase. Otherwise the satellite valley electron temperature is substantially 
constant because of the dominance of equivalent intervalley scattering 
and the absence of the breakdown behaviour of polar scattering. 


Central valley 


———=— Satellite valley 


Electron temperature (°K) 


! 10 100 
Field (kV/cm) 


Fic. 3.9. Electron temperatures in the central and satellite values as functions of electric 
field (Butcher and Fawcett‘29-3"). (Crown Copyright, reproduced by permission of the 
controller of Her Majesty's Stationery Office.) 
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Fic. 3.10. Variation of the diffusion coefficient with electric field (Butcher and 
Fawcett9-31), (Crown Copyright, reproduced by permission of the controller of Her 
Majesty’s Stationery Office.) 


The behaviour of the diffusion coefficient obtained from an electron den- 
sity weighting of the Einstein relationship in each valley is also illustrated 
(Fig. 3.10) and will be used later in calculations of device behaviour, 


n T, tn T,\k 
De) = ( 1 Hy 44 2 Ba ‘2. 


3.26 
ny +n, e ( ) 
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The subscripts , and , refer respectively to the central and satellite valleys. 
n is electron density, 4 is mobility, T is temperature, kg is the Boltzmann 
constant. 


(ii) The technique of Conwell and Vassell. 


In the material used for Gunn effect devices the electron density is typically 
10'+cm~? to 101°cm~*. This is insufficient for electron—electron collisions 
to be the predominant momentum scattering mechanism and the assumption 
of a drifted Maxwellian distribution function is highly suspect. In order to 
circumvent this difficulty Conwell and Vassell™ solved the Boltzmann 
equation neglecting electron-electron collisions, to calculate the distribution 
function of the electrons and from this the other transport properties. In 
order to obtain a solution they assumed that the distribution function was 
almost symmetrical in k space and its Legendre polynomial expansion may 
be truncated after the first two terms, i.e. 


f(k) =f + g.cos6 + (0). (3cos? 6 —1). (3.27) 


Here f and g are spherically symmetrical in k-space and therefore are 
functions only of electron energy. 0 is the angle between k and the applied 
electric field causing the disturbance of the distribution function. Equation 
(3.27) is a good approximation for small applied electric fields when the dis- 
turbance of the distribution function is small, or in high electric fields when 
the scattering process is nearly elastic and does not have pronounced ani- 
sotropy. In the latter case the scattering redistributes electrons around a 
constant energy surface so tending to preserve the near spherical symmetry 
of the distribution function. Unfortunately, polar optical scattering, which 
is predominant for the central valley electrons of GaAs in good quality 
material, does not satisfy these conditions for the electron energy range of 
greatest interest. This arises because the polar optical phonon has an energy 
about 10% of the energy difference of satellite and central valleys in GaAs, 
and this energy is interchanged with an electron upon scattering. There is 
also a considerable forward scattering (Eqn (3.17)). Any calculations of 
transferred electron effects must be regarded with suspicion if the approxima- 
tion of (3.27) is used.S” 

The solution of the Boltzmann equation proceeds as follows. Under 
steady conditions Eqn (3.10) holds: 

e 0 
FE usw = (Lr) (3.10) 


scatt 


Recognizing the symmetry in k space about the axis defined by E, the left 
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hand side of (3.10) becomes:— 


g sin 6 ; 
eC cos 8) Tk cos 6 ik] (—sin 6)}. 


= wsw= Sie (f+ So 


The terms on the right-hand side are now rearranged into a Legendre poly- 
nomial series which extends to three terms owing to the above differentiation: 


elE| 1 (2 ae -#) 
Fae aaa ee Ge dé ak {kl 
of dé 1 {0g 0& 2) . 
gal raha ff et ee SN 
a€ aikl cos6 + = (3 aki ik] (3cos 6 — 1) 


Only the first two terms of the series are retained:— 


= 4 29 , 9g 06 Of at 


|k| and 0&/d|k| are expressed in terms of the electron energy @ after the 
explicit form of the band structure has been determined. 
The scattering term on the right-hand side of (3.10) takes the following 


form :— 
PL (Aeon om 


Equations (3.28) and (3.29) are substituted in (3.10) and it is evident that 
the coefficients of the symmetrical and drift terms must separately sum to 


zero, 1.e. 
of\ _elEl 1 @ ] ab 
(=), =n Te oe 9 | ong G2) 
and (2) 2 elE| ee 0& (3.31) 
ot h ~ 06 alk|° : 


In order to solve the coupled Eqns (3.30) and (3.31) it is necessary to make 
a further assumption. If the scattering mechanism satisfies the relaxation 
time conditions (see Appendix 2) (3.31) may be written as: 
g elE| of 0€ 
--= 3.32 
7 h '0€° dk” ee 
t is the overall (energy dependent) relaxation time of all the scattering pro- 
cesses operative. (3.32) may now be inserted in (3.30) to give the differential 
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equation to be solved for the energy dependence of the distribution func- 
tion:— 


ea] e|E/? 1 a | af ae 


a a ea ey es k!? 
at 3h? |ki2 a6 Lae” lk ke] 


(3.33) 
(0f /6t), may be calculated from the sum of expressions obtained from (3.10) 
for all the relevant scattering processes. 

Those processes involving phonons of appreciable energy connect k 
states with energy of & and & +hq@ where ho is the phonon energy. In 
order to allow for the different values of fat these energies it is assumed that 
the distribution function is a slowly varying function of energy and 
S(€ + haw) may be related to f(@) by a Taylor expression to second order, 
1k; 

of , (hoy Hf 


S(@ + ho) =f (6) + ho One t ae 


(3.34) 


A similar approximation is made in the calculation of the relaxation time, 
and in this way a second order differential equation in f (€) is obtained from 
Eqn (3.33). One such differential equation exists for both the central valley 
and for the satellite valleys. These equations are not independent however 
because:— 


(F)- & (Bu. ™ se Bs 


processes . processes 


and each of these terms involves intervalley scattering. In this way the dif- 
ferential equation of each valley type contains the distribution function 
of both valleys at the implied electron energy. The resulting two coupled 
linear second order differential equations are solved by numerical integra- 
tion. The scattering mechanisms invoked by Conwell and Vassell were polar 
and space charge scattering within the central valley which was non-para- 
bolic, intervalley scattering between the central and satellite valleys, and 
polar, acoustic and equivalent intervalley scattering within the satellite 
valleys. For full details of the calculation the reader is referred to the 
excellent summary article by Conwell and Vassell. 

The form of the distribution functions obtained from the calculation 
are shown in Fig. (3.11). The log-linear plot chosen results is a straight line 
for a Maxwellian form of distribution function with the slope determined 
by the electron temperature of the distribution. It is seen that the distribu- 
tion in the central valley is strongly non-Maxwellian below the threshold 
energy and it shows a strong streaming effect which rises from the decreasing 


SOLUTION OF THE BOLTZMANN EQUATION 81 


effectiveness of polar optical scattering at high fields. At higher electron ener- 
gies in the central valley the distribution function becomes Maxwellian. The 
satellite valley electrons have a Maxwellian distribution at all energies with a 
temperature which follows that of the high energy central valley electrons. 
This arises from the scattering of the hot electrons from central to satellite 
valleys. The velocity-field curve is calculated from the following expression :— 


ly] = geo 8, (3.35) 
g is obtained from the symmetrical part of the distribution function, dis- 
cussed above, with the aid of Eqn (3.31). These calculations were sensitive to 
the assumed value of D,., the intervalley coupling coefficient. Comparison of 
the number of electrons in the satellite valleys with the results of Gunn and 
Zilberstein* under pre-threshold conditions, the non-occurrence of a low 
field avalanche at approximately 4k V/cm and the low threshold electric field 
predicted for low D,, all suggested that the most reasonable value of D,, 
is about 5x10®% eV/cm. 
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Fic. 3.11. Distribution functions for electrons in the central valley (f1) and in the satellite 

valleys (f2) for an electric field of 2-4 kV/cm (Conwell and Vassell). Dyz = 5x 10° eV/cm, 

D2z2 = 10° eV/cm and non-parabolicity of the central valley is included. 0 is the Maxwell- 
Boltzmann distribution in zero field. /Ai@ is the longitudinal optical phonon energy. 


The threshold electric field of these calculations is generally low com- 
pared with experiment. Attempts were made to explain this by introducing the 
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Table 3.1 


Butcher and Fawcett | Conwell and Vassell 


m,* light electron mass 0:067 mo 0:072 mo 


m,* heavy electron mass. 
(Geometric mean) 0:4 mo 0:36 my 
(Density of states) not required 1-2 mo 


low frequency 
— relative 
permittivity 


12:53 13:5 


high frequency 


Feo relative 10-82 11-6 

& permittivity 

ho, longitudinal 
optical phonon 0:0354 eV or 410°K 0-036 eV or 418°K 
energy atk =0 

hw; longitudinal optical 
phonon energy for 0-03 eV or 348°K 0-029 eV or 336°K 


inter-valley transfer 


ha, satellite inter- 
valley phonon 
energy 


0:03 eV or 348°K 0:025 eV or 290°K 


=, deformation 


potential for TeV neglected 
central valley 
=, deformation 
potential for TeV 10-3 eV longitudinal 
satellite valleys 8-8 eV transverse 
D;2_ +coupling constant 
for central to 5-35 x 108 eV/cm 5x 108 eV/cm 
satellite scattering 
D,, coupling constant 
for satellite 10? eV/cm 10? eV/cm 


intervalley scattering 


5:22 x 10° cm/sec. 5-22 x 10° cm/sec 


sound velocity 


p density 5:37 g/cm? 5-31 g/cm? 
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effects of a non-parabolic central valley and space charge scattering. Figure 
3.12 shows the results for D,, with a parabolic central valley, with a non- 
parabolic central valley and with sufficient space charge scattering to reduce 
the low field mobility to 5500 (typical of bulk grown material), 
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Fic. 3.12. Velocity-field curves (Conwell and Vassell) at room temperature with 
D,, = 5x 108 eV/cm. (a) for parabolic central valley; (b) for non-parabolic central valley; 
(c) with space-charge scattering and parabolic central valley. 


(iii) Comparison of the approximate solutions of the Boltzmann equation 


The comparison of the velocity—field curves derived by Butcher and Fawcett 
and by Conwell and Vassell is facilitated by the almost identical values of 
the transport coefficients they each used. These are summarised in Table 3.1. 

The velocity—field curves of both calculations are qualitatively very similar, 
but the Conwell and Vassell treatment gives threshold and post-threshold 
velocities which are about half that of the Butcher and Fawcett treatment. 
Also the threshold field for the onset of negative differential resistance is 
somewhat lower for the former treatment. It is impossible at this stage to 
decide which treatment, if any, gives the more reliable result. An appeal to 
experiment would appear to provide the answer to this question and this 
shows good agreement with the velocities of Butcher and Fawcett. 

The approach of Butcher and Fawcett is certainly not justified for the 
range of electron densities occurring in real devices. Conwell and Vassell 
start from much firmer ground but the approximations necessary to obtain a 
solution considerably reduces this strength. In particular the assumption of 
a nearly isotropic distribution function is only true for scattering processes 
which provide a vanishingly small energy change when the electron momen- 
tum is randomised. The polar scattering predominant in the central valley 
certainly does not fulfil the conditions assumed in either theory, and will lead 
to a pronounced “streaming”’ of the electron velocities. This led Stenflo%” 
to attempt a solution by assuming the “maximum anisotropy’’ distribution 
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function for the electrons.°*) Again however the approximations necessary 
to attempt a solution are overwhelming. 

Crudely, the true velocity—field curve may be expected to lie between the 
results of Butcher and Fawcett and of Conwell and Vassell. The enforced 
Maxwellian form assumed in the former case will underestimate the number 
of high energy electrons present in the actual case of a “‘streaming”’ dis- 
tribution function. The poor approximation of small energy exchange in 
electron scattering necessary to use the nearly isotropic distribution function 
results in an overestimate of the number of high energy electrons by Conwell 
and Vassell. Because the high energy electrons are the ones predominantly 
concerned with intervalley transfer near the threshold electric field we may 
expect this quantity to be overestimated by Butcher and Fawcett and under- 
estimated by Conwell and Vassell. 
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Fic. 3.13. Comparison of the calculated velocity-field relationship for n-type gallium 

arsenide using the Monte Carlo method (full curve), the Butcher and Fawcett displaced 

Maxwellian distribution function (broken curve) and a Conwell and Vassell calculation. 
The parameters for each calculation are essentially the same as given earlier. 


A difficulty inherent in both calculations is that it is impossible to estimate 
the magnitude of the errors introduced by the respective assumptions. In 
order to overcome all the above difficulties another approach to the problem 
has been taken and is described in the next section. 
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3.7 MONTE CARLO CALCULATION OF THE VELOCITY—FIELD 
CHARACTERISTIC 


The previous calculations have attempted to determine the electron dis- 
tribution function by calculating the dynamic equilibrium properties of all 
electrons at one fixed time. In the treatment of this section the behaviour 
of one electron over a long time is studied in order to obtain its distribution 
function over all allowable k-states. The equivalence of these two approaches 
has been dealt with in the theory of noise processes.°° The approach to be 
described derives its strength from its natural suitability for computer cal- 
culation through Monte Carlo techniques. The basic idea is to follow the 
random motion of an electron through k-space and log the time that the 
electron spends in each k-state. The distribution function is directly pro- 
portional to this “visiting’’ time. The technique was first applied by Kurosawa 
(37) to studies of p-type germanium and has been adapted to the electron 
transport problem in GaAs by Boardman, Fawcett and Rees.“®) Both 
problems encounter similar difficulties in the conventional Boltzmann 
approach. A detailed description of the technique was later given by Fawcett, 
Boardman and Swain.‘??) This paper also gives a good review of the trans- 
port properties and their uncertainties in gallium arsenide. 

The time of free flight of an electron between scattering events and the 
scattering it undergoes are determined by the following procedure:— 


(i) An electron which has just been scattered to an initial k-state k,, 
is accelerated through k-space by the applied electric field E, accord- 
ing to the relation:— 

eE?t’ 

h 


k => kin + (3.36) 


where k is the k-state after time ¢’. 


(ii) The time of free flight, t, is determined by a computer-generated 
random number whose probability distribution is that of the time 
of free flight. This distribution is calculated from the summation of 
the scattering probabilities of all processes (as described in Sections 
3.4 and 3.5) and is as follows:— 


P(t)= 2 A, [E(t)] exp = IL A: [é(t’)] ar’) (3.37) 


AA) is the total scattering rate due to mechanism i at energy & and 
is a function of energy alone for bands with spherical constant energy 
surfaces. 

A(é) = 2 Silk, k’) (3.38) 
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where S,(k k’) is the scattering rate from k to k’ as defined in Section 
3.4. 


(iii) After the time of free flight has been determined another random 
number is generated to decide the state to which the electron is 
scattered. This state becomes the initial state of the next free flight and 
the process is repeated. The probability distribution of this random 
number follows that for the scattering to the final state due to all 
scattering processes. 

In order to maintain computer time for the calculation within reasonable 
bounds it is convenient if the integral in the exponent of equation 3.37 
can be evaluated analytically. Otherwise the integration has to be per- 
formed for each free flight, or the numerical values of the integral have to 
be tabulated. The former involves a considerable waste of computer time 
and can make the problem impractical, and the latter involves considerable 
storage space within the computer to make a fine enough mesh of points in 
k-space for accurate computation. Most scattering processes allow analytic 
solution of the integral but the important polar scattering does not. To 
overcome this difficulty a physically insignificant scattering process is in- 
troduced which makes the integral soluble. This process has a scattering rate 
which does not change k and is given by:— 


S(k,k’) = E = 5 4(@)| d(k — k’) (3.39) 


The 6-function is zero for k # k’ and unity for k = k’. [ is an arbitrary 
positive number and under this condition (3.37) becomes: 


P(t) =Te7™, (3.40) 


This simplification appears very attractive for general use. However, 
there is one disadvantage introduced. The internal scattering events add to 
the visiting time of each k-state in direct proportion to the visiting time 
due to all real scattering processes and so do not alter the distribution 
function. They do consume computational time and the advantage over 
direct numerical integration in equation 3.37 could be lost and the calcula- 
tion rendered impractical if they were used indiscriminantly. 

k space is divided into a finite mesh in the computer and the visiting times 
to each point are accumulated throughout the calculation. The histogram 
(distribution function) so obtained converged to an invariant form after 
about 50,000 real scattering events. The drift velocity is calculated by ac- 
cumulating the velocities during each flight. This continuous accumulation 
principal can be applied to the estimate of any physical variable depending 
on an integration over the distribution function. 
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The calculated velocity—field curve is shown in Fig. 3.14. It was obtained 
with the same parameters that were used in the previous displaced Maxwel- 
lian calculation of Butcher and Fawcett with which it is compared. The 
curves show close similarity of form, but the Monte Carlo calculation 
predicts a lower threshold voltage and lower post-threshold current than 
the Butcher and Fawcett calculation. Both these quantities are significantly 
higher than those from the calculations of Conwell and Vassell. These 
discrepancies are consistent with the underestimate of the number of high 
energy electrons in the Butcher and Fawcett calculation, and the over- 
estimate by Conwell and Vassell as discussed in Section 3.6(iii) The dis- 
tribution function is found to be non-Maxwellian below threshold and 
assymetric in k-space, with a drift velocity which approaches the thermal 
velocity at electric fields below and above the threshold field. Both the 
previous approximations are therefore invalid. Many of the later calcula- 
tions of device properties will, for historical reasons, use the results of the 
earlier approximations, and due account of their accuracy will have to be 
taken. For many purposes the errors involved will be insignificant. 
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Fic. 3.14. Calculated temperature dependence of the electron velocity-field characteristic 
in intrinsic gallium arsenide (Ruch and Fawcett ®), 


Further calculations of the temperature and impurity dependence of the 
velocity—field characterististic have been carried out by Ruch and Fawcett?” 
using the Monte Carlo technique. The parameters were essentially the 
same as those given in Table 3.1. In intrinsic material it was found that 
the threshold field only changed from 3:1 kV/cm at 77°K to 3-7kV/cm at 
500°K, while the maximum negative differential mobility reduced from 4200 
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Fic. 3.15. Temperature dependence of the drift velocity in the (000) and ¢ 100) valleys as 
functions of field strength (Ruch and Fawcett“®®)), 
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Fic. 3.16. Fraction of electrons in the (000) valley as a function of field strength at var- 
ious temperatures (Ruch and Fawcett“®), 
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Fia. 3.17. The influence of ionized impurity scattering on the velocity-field characteristic 
(Ruch and Fawcett‘), 
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Fic. 3.18. Comparison of the measured and calculated velocity—field characteristics at 
150°K and 300°K (Ruch and Fawcett“*®), 
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to 1000cm?/Vsec over the same temperature range. The velocity-field 
characteristics are shown in Fig. 3.14. Variation of drift velocity within 
the separate valleys and the population ratio of central and satellite valleys 
is shown in Figs 3.15 and 3.16, respectively, for various temperatures. (Com- 
pare Fig. 3.16 with Fig. 3.8). The effect of impurity scattering on the velocity— 
field characteristic at 77°K and 300°K is illustrated in Figure 3.17. The 
excellent agreement between theory and the experiments of Ruch and 
Kino” is clear from Fig 3.18. The calculations were carried out for pure 
material and the divergence of theory and experiment near threshold for 
T =160°K is probably an indication of the unknown impurity concentra- 
tion in the devices. An empirical relationship which fits the velocity—field 
characteristic within 5% from 300°K to 600°K (relevant to practical device 
operation) is:— 
0:265(E/E)* } 
1-53 x 10°*T 


E 4 
1 — 
+(e) | 
E is in units of kV/cm and Ep is 4kV/cm giving a threshold field of 
3-5kV/cm. 


1 
ie 2:25 x 10°E | 
a T 


3.8 THE IMPORTANCE OF THE VELOCITY-FIELD CHARACTERISTIC AND 
ENERGY RELAXATION EFFECTS 


The treatment so far has considered the electron equilibrium dynamics in 
a temporally and spatially invariant electric field. For the device applications 
of later chapters it is necessary to know the electron behaviour in electric 
fields without these restrictions. The correct approach to this problem is 
to start from fundamentals as we did with the Boltzmann equation or with 
the Monte Carlo approach and calculate directly the electron transport 
properties for the appropriate conditions. This would involve the treatment 
of a distribution function with temporal and spatial variation and, as will 
be seen later, the necessity for accurate treatment of these variations as 
large signal quantities. In view of the difficulties experienced with the 
relatively simple uniform field conditions the problem is formidable. The 
usual approach is to bypass the problem and assume that the mean electron 
drift velocity and other transport properties are single valued functions 
of the electric field with the former given by the velocity—field curve which 
we have derived for uniform conditions. Under what conditions is this an 
accurate approximation? 
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Let us apply a step function increase of electric field (otherwise uniform) 
to a sample of GaAs. Momentarily there is an inbalance in Eqn (3.10) 
between the acceleration of electrons through k-space and the redistribution 
of electrons in k-space by collisions. This situation persists for about the 
time it takes to randomize the electron velocity (the momentum relaxation 
time). This time, t,,, may be estimated from the mobility of electrons, p, 
their effective mass, m*, and their charge, e,:— 


For the electrons in the central valley t,, is approximately 10~13 sec and 
is less for electrons in the satellite valleys. The time for transfer of electrons 
(with the energetic capability) between the central and satellite valleys is also 
in this momentum scattering category. It has been estimated from the 
intervalley coupling constants to be 107!!sec to 107 !3 sec. For events 
whose time scale is shorter than these momentum scattering processes 
electrons cannot change their state and no transferred electron effects would 
be observed. When the time scale is longer the equilibrium balance of the 
scattering and accelerative forces described by Eqn (3.10) is maintained. 
However, this is only a quasi-static balance. It has been mentioned earlier 
that many more collisions are usually required to deliver the electronic 
kinetic energy to the lattice than to randomize the momentum. The electron 
velocity is predominantly redirected with, on average, only a small decrease 
in its magnitude. This redirection causes a general increase of the kinetic 
energy, or a heating, of the electron system until the mean collision rate 
with the lattice has risen sufficiently to balance the increased supply of 
energy to the electrons from the increased electric field. The characteristic 
time for this thermal readjustment is known as the energy relaxation time, 
ts. At this point it should be noted that the thermal effects are in the electron 
system only and the lattice temperature is unaltered. If the time scale of any 
device effect is shorter than tg then the transport properties (drift velocity, 
diffusion etc.) will not be single valued functions of the applied electric 
field, and must be related to the instantaneous value of the distribution 
function. If this is Maxwellian, so that a temperature can be assigned to the 
electrons, then the transport properties become single valued functions of 
the electron temperature. In this case a full solution of the Boltzmann 
equation is required. These effects have been considered by Stratton“® in 
some detail for junction devices. If the time scale of the effects is longer 
than ts then the transport properties are single valued functions of the 
electric field, and the velocity-field characteristic is a valid representation of 
the drift velocity. 
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The above considerations have shown that processes must take place 
more slowly than the energy relaxation time for a relatively simple treatment 
of the transport properties. The energy relaxation time has a more funda- 
mental significance than this. For intervalley transfer to take place the 
electrons in the central valley must have a greater energy, relative to the 
band edge, than the energy separation of central and satellite valleys. 
After application of the step increase of electric field the additional electrons 
to be transferred to the satellite valleys cannot make the transition until 
their energy has increased sufficiently to allow the transfer. Therefore 
energy relaxation could be the limiting process for the upper frequency limit 
of transferred electron devices. t, has been estimated by Das and Bharat'*” 
to be about 1071? seconds. They used a small signal approach in a dis- 
placed Maxwellian approximation. Rees‘*?:®) has given a more accurate 
treatment which requires no a priori knowledge of the distribution function. 
The response of the electron distribution to a step change in electric field 
was Fourier analysed to give the frequency response. Heating processes in 
the central valley, where polar scattering gives slow velocity randomisation, 
control the response of the negative differential conductivity. The negative 
differential mobility is illustrated as a function of electric field for D.C., 
35 GHz and 140 GHz in Fig. 3.19.7) The same parameters were used in 
this calculation as in the Monte Carlo calculation of the velocity—field 
characteristic. 
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Fic. 3.19. Field dependence of the differential mobility at zero frequency, 35 GHz, and 
140 GHz. The D.C. mobility is included for comparison (Rees), (Crown Copyright, 
reproduced by permission of the controller of Her Majesty's Stationery Office.) 
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The calculational technique used by Rees was an alternative computer 
technique to the Monte Carlo method which also avoided solution of the 
Boltzmann equation. It exploited the stability of the steady state distribution 
function in the following manner. k-space was divided into cells as in the 
Monte Carlo technique. Any arbitrary distribution of electrons over these 
cells was introduced at the start of the calculation. From each cell in turn 
the electrons were ‘“‘scattered’’ to all other cells according to S(k,k’) and 
a chosen time step (small enough to avoid finite element inaccuracies). 
The process was then iterated until (for constant electric field) the form 
of the distribution became invariant. A great advantage of this process is 
that it allows calculation of the time variation of the distribution function 
and its physical observables when there is a time-varying external influence. 

An instructive estimate of the minimum time required to heat the electron 
distribution in the central valley under large signal conditions can be 
obtained from a very crude model. The fraction of the electron energy 
lost at each collision has been shown to be a small fraction of the total 
kinetic energy in the central valley. We simply neglect all the electronic 
collisions and calculate the time taken to accelerate an electron from the 
bottom of the central valley until its energy is sufficient for intervalley 
transfer. The electric field is taken as the threshold field. This simple calcu- 
lation is directly relevant to the limiting characteristic time taken to make 
electrons ‘“‘climb’’ up the central valley and become available for inter- 
valley transfer. The time variation of the kinetic energy, &,, of an electron 
accelerated from rest in an electric field E is:— 


el 4 
é,= ae ait 
for 
€,=0:36eV and E =3-5kV/cm. 
then 


t=1-5 x107?* sec. 


This time is of the same order as that obtained from rigorous calculation 
where collisions increase its value. 


3.9 MEASUREMENT OF THE VELOCITY-FIELD CHARACTERISTIC 


When a sample of gallium arsenide is biased into the negative differential 
resitance region of the velocity—field curve the spatial distribution of the 
electric field becomes unstable. This subject will be dealt with in Chapter 4 
where two broad categories of behaviour emerge. If the product of electron 
density, n, and device length, /, is greater than a critical value lying between 
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10't cm~? and 10’2cm~? the electric field assumes a highly non-uniform 
shape (the domain) which travels towards the anode of the device. A further 
condition on the value of n/?, treated in Chapter 4, is satisfied for all practical 
devices which exceed the critical ‘‘n/’’ product. If the “n/’’ product is less 
than the critical value the travelling non-uniformity does not form, but the 
electric field exhibits a large static distortion. 

Both of these effects cause considerable difficulty in the measurement of 
the velocity-field curve owing to the simultaneous involvement of a large 
range of both quantities. Measurement techniques take account of the 
above considerations and fall into three categories. (i) Sub-threshold mea- 
surements which do not encounter the above difficulties. (ii) High speed 
measurements made in a time shorter than the formation time of the non- 
uniformities. (iii) Measurements on sub-critically doped devices. 


(i) Sub-threshold measurements 


In long samples of GaAs the sub-threshold current-voltage characteristic 
is substantially linear. If the formation of electric field instabilities is used 
as a gauge of the onset of negative differential resistance we have a simple 
method of measuring the threshold field, providing that the device is uniform. 
In order to check the last point it is necessary to probe the electric field 
distribution along the sample. Careful measurements of these quantities 
have been carried out by Gunn“? who found that some samples exhibited 
a stationary non-uniformity close to the cathode which is known as the 
“cathode drop’. The electric field in this region can be five times the field 
in the rest of the device, and it is unwise to trust simple current-voltage 
measurements to determine the threshold field. The origin of the cathode 
drop is not clear but appears to be related to impurities or imperfect contact 
technology. It has been suggested that it may be the type of stationary 
“domain” considered by Boer“* for impure materials. After eliminating 
results which were untrustworthy due to electrical non-uniformity Gunn 
estimated that the true threshold field lay between 3:6 kV/cm and 3-8 kV/cm 
and was independent of the sample length. 

In shorter samples the non-uniform fields at contacts play a proportion- 
ally greater part in the determination of the sub-threshold current-voltage 
relation. However devices less than a few tens of microns long may be pre- 
pared with epitaxial techniques which are capable of producing material 
which is much purer than the bulk material of the long devices. The sub- 
threshold current-voltage relation of these devices usually shows a greater 
curvature than that of the long devices, and the threshold field apparently 
increases as the device length decreases. After correction for voltage drop 
in the substrate, doping tails and contact resistance, Brady et al.“*) found 
that the threshold field for all samples was (3-2 + 0:2) kV/cm. The peak 
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velocities in both long and short samples is estimated to be about 
2 x 107’cm/sec. This latter measurement is complicated by the necessity of 
accurate knowledge of device electron density in the above techniques. 

The fraction of electrons which have transferred to the satellite valley 
below threshold can be estimated with Hall effect measurements. Zylbersz- 
tejn and Gunn“**) concluded from such measurements that only a small 
fraction of electrons (about 1% at 2k V/cm) are in the satellite valleys below 
threshold. This result is in good agreement with the displaced Maxwellian 
calculations of Butcher and Fawcett. 


(ii) High speed measurements above threshold 


The characteristic rate for the formation of electric field non-uniformities 
is the negative differential dielectric relaxation time, t,, of the material. 
This depends inversely on electron density and the negative slope at the bias 
point of the velocity—field curve and is treated in Chapter 4. The maximum 
slope of all the theoretical velocity—field curves is about the same and can 
be used to indicate the minimum value of t, to be expected. A typical value 
of +, is 30 x 1071? sec for an electron density of 10'*cm™? (corresponding 
to good quality 10 29cm GaAs at room temperature). If measurements of 
device current (for electron drift velocity) can be made in a time shorter 
than t, the distortion of the internal electric field should be negligible. 
Fast pulse and high field microwave techniques have been used to satisfy 
this condition. 

Gunn and Elliot'*” have generated fast pulses of 250 picoseconds dura- 
tion by discharging a superconducting transmission line with a bouncing 
ball switch through the sample gallium arsenide under test. The switch 
was chosen for its extremely high speed of operation, and the transmission 
line was fabricated in superconducting material to reduce frequency dis- 
persive effects associated with resistive loss. By these means rise times of 
about 40 picoseconds were obtained. Because measurements must be made 
in a time comparable with the dielectric relaxation time the flow of dis- 
placement current through the sample is of the same order as the required 
drift component. In order to measure the latter alone readings are taken 
when the rate of change of voltage across the device is zero. The current 
flow is then the drift component only, providing that there is no appreciable 
space charge injection and the large signal readjustment of the internal 
electric field has not commenced. Initial measurements were inaccurate 
owing to the latter effect, and it is necessary to check that 1, calculated from 
the measured velocity—field characteristic is appreciably longer than the 
period of measurement. Results are shown in Fig. 3.20. 

An alternative way of generating high speed excursions into the negative 
differential mobility region is through the use of high power microwave 
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signals. The sample under investigation is placed across the centre, between 
the broad walls, of a waveguide. The relation between the small A.C. 
current and voltage applied to the device is measured for a range of micro- 
wave electric fields whose amplitude is great enough to exceed threshold 
in each cycle. The D.C. or mean current, J, through the sample in a large 
microwave field, E; sin wt, and a small D.C. field Ey is:— 


1 2% 
J=— { J(Eo + E;sin wt) d(at). 
2n (t 
By Taylor expansion :— 
1 2n 
J= x| {J(E; sin wt) + (dJ/dE) Eo} d(wt) (3.41) 
0 


The first term of the right-hand side will only be zero if the sample has an 
ideal antisymmetrical J-E characteristic. Otherwise it will contribute a 
rectified D.C. current which is independent of Eo, providing E, is independent 
of Eo. The velocity—field characteristic is the curve which, after use in the 
evaluation of the time variation of dJ/dE in the second term of the right 
hand side of (3.41), generates the best fit to the experimental relationship of 
J and Eo. E, is determined from the power transmitted past or reflected from 
the sample. 

Some care is required with the mounting of the sample in the waveguide. 
If it is short and its contacts are within the microwave field there is a danger 
of rectified currents from non ideal contacts adding to J. If the sample is 
long and is mounted through two holes in the broad walls of the waveguide, 
the contact regions are outside the microwave field. The effect of non- 
uniform fields at the mounting holes in the waveguide can be reduced by 
making these holes, and the lateral device dimensions, small compared with 
the sample height in the waveguide. 

We have already pointed out the importance of making these high speed 
measurements in a time shorter than t,. In addition the measurements must 
not be made in a time shorter than is necessary for the electron distribution 
function to reach equilibrium. The discussion of Section 3.8 has shown that 
this time is the energy relaxation time which is having appreciable effect 
above approximately 10 GHz rates. These two conflicting conditions can 
only be accurately met in material with a low field resistivity of somewhat 
greater than 10 Qcm. Otherwise the internal readjustment of the electrical 
field in the sample will be well advanced before the mean velocity for the 
applied electric field has reached an equilibrium state. The results reported 
by Acket“® and Hamagachi et al.‘¢®) would appear to involve some energy 
relaxation effects from these considerations. The measurements by BraslauS” 
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and Kalashnikov et al.” were made on higher resistivity material (10 to 
20Qcm) but the purity of that of the latter was poor. 

After imposing the above restrictions it is also necessary that a non- 
uniform electric field distribution does not build up over many R.F. cycles. 
If the non-uniformity arising in each cycle can be treated as a small signal 
the growth of the non-uniformity during the time that the mean field 
exceeds threshold must be less than the damping during the time below 
threshold. If t* is the time below and t~ the time above threshold the neces- 
dition is:— 

ee. F 
—> 
p 


Th 


where 1, is the low field dielectric relaxation time. Some representative 
results of the microwave measurement of the velocity—field characteristic 
are shown in Fig. 3.20. 
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Fic. 3.20. Velocity-field characteristics for gallium arsenide. A, calculated by Butcher and 
Fawcett; B, measured by Gunn and Elliot; C, measured by Chang and Moll; D, measured 
by Thim; E, measured by Ruch and Kino. 


(iii) Measurements in sub-critically doped material 


There are two basic techniques in this section. The first group involves 
measurements in semi-insulating gallium arsenide with a resistivity of 
10®-10® Qcm in which the electric field distribution is essentially uniform. 
The second group of techniques applies to materials in which there is an 
appreciable static distortion of the electric field by space change. 

Chang and Moll©?) have measured the photo current induced in a 
Schottky barrier photo diode. The diode consisted of an intrinsic piece 
of GaAs with a reversed biased, evaporated gold contact. The other contact 
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was an n* ohmic contact. Only a very small reverse bias was required to 
completely deplete the intrinsic region, indicating that the higher bias used 
in the subsequent experiments produced an electric field which was not ren- 
dered non-uniform by depletion. A 50 nanosecond pulse of light from a 
GaAs laser was transmitted by the thin (150 A) gold contact and produced 
electron-hole pairs at the junction interface. The holes were immediately 
swept into the gold contact and the electrons drifted through the intrinsic 
gallium arsenide under the influence of the applied bias until they were 
trapped at some impurity site. The trapping rate was too high to allow the 
electrons to drift through the entire intrinsic region. Under the assumption 
of a field independent time of flight before trapping the photo-current is 
directly proportional to the electron velocity. Chang and Moll measured 
this current as a function of reverse bias and obtained a velocity—field 
relation with an arbitrary velocity scale. The measurements were limited 
to 50 nanoseconds duration in order to avoid appreciable distortion of the 
bias electric field by the accumulating trapped electron space charge and to 
avoid the possibility of electron re-emission from the trapping sites. The 
intensity of the laser light was also maintained low enough to avoid the 
build up of appreciable trapped space charge. The results of this measure- 
ment scaled to the Butcher and Fawcett peak velocity are shown in Fig. 3.20. 

Ruch and Kino?) have also carried out measurements on the intrinsic 
region of reverse biased diodes but were fortunate in obtaining better quality 
material whose trapping time was long enough to allow a large fraction of 
the electrons to drift straight through the semi-insulating region. Their 
diodes had a junction consisting of a thin (less than 1000 A) evaporated 
silicon dioxide film on the intrinsic gallium arsenide with a thin (again less 
than 1000A) evaporated gold contact on the silicon dioxide. This con- 
struction avoided any electron injection. The reverse contact was n* and 
ohmic. A very short pulse of electrons (0:1 nanoseconds) was directed onto 
the gold contact of the sample by rapidly sweeping an electron beam past 
a small aperture in line with the sample. This injected pulse of electrons 
penetrated to the gallium arsenide and then drifted under the influence of 
the reverse electric field towards the n* contact. As in the previous technique 
the injected charge must be small enough to avoid appreciable space charge 
distortion of the electric field. Current flow is observed in the external circuit 
for the duration of the electron flight across the intrinsic region. The rise 
time of this current pulse is determined by the width of the injected space 
charge bunch. The fall time is increased by spreading of the injected bunch 
of electrons during transit. This difference of rise and fall times may be used 
to estimate the diffusion constant (and its electric field dependence). A 
typical current pulse is shown in Fig. 3.21. The current decrease through the 
pulse arises from some electron trapping. The time of flight is quite well 
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defined by the rise and fall of the current pulse so allowing a direct determina- 
tion of the electron drift velocity as a function of electric field. The results, 
which show excellent agreement with the Butcher and Fawcett theoretical 
characteristic, are illustrated in Fig. 3.20. A comparison of the temperature 
variation of the characteristic with the better calculations of Ruch and 
Fawcett has already been given in Fig, 3.18. 
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Fic. 3.21. Induced current in the experiment of Ruch and Kino. The difference of rise and 
fall times arises partly from diffusion within the injected charge pulse. The current decay 
through the pulse arises from trapping effects. 


In anticipation of later requirements, the electric field dependence of the 
diffusion coefficient as determined from the difference of the fall time and 
rise time of the injected current pulse is illustrated in Fig. 3.22.6 This is 
compared with the results predicted by Butcher and Fawcett using a two 
term Einstein relation between the electron mobility in each valley and the 


diffusion coefficient :— 
Nyy Ty + n2 be =) kg (3.26) 
ny +n, ee : 


D(E) = ( 


The discrepancy between the measured and predicted results may be, in 
part at least, ascribed to the neglect in (3.26) of the interchange of an 
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Fic. 3.22, Comparison of measured and calculated diffusion coefficients. 
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electron between the light and heavy mass state as well as to experimental 
inaccuracies. An additional term must be included in (3.26) to account for 
the continuous fluctuations of electrons between each state, because the 
light electrons drift more rapidly than the mean drift velocity, whereas the 
heavy electrons drift more slowly. The width of a “pulse” of charge is 
then related to the mean time between transfer of electrons from the light 
to heavy state, and vice versa. However, a Monte Carlo calculation” of the 
diffusion coefficient indicates lower values than are measured, as shown in 
Fig. 3.22, and it includes the intervalley effects. 

The second type of measurement on subcritically doped diodes has been 
made by Thim®* on amplifier diodes (see Chapter 6). In these diodes 
the electric field distribution is highly non-uniform when the mean bias field 
exceeds threshold. Neglecting diffusion the relevant one-dimensional 
equations describing the static field non-uniformity are Poisson’s equation 
and the current continuity equation:— 


a dE(x) 
0 
dx 


= e{n(x) — No(x)} 


and 
J = n(x) e v{E(x)}. 


&€q is the dielectric constant, J is the device current density, v the electron 
velocity, and n(x) and N,(x) are respectively the spatially dependent electron 
and donor distribution. Upon elimination of n(x) these equations give:— 


J 
ECO} = CNo(x) + be [dEGe/azx * 


In order to calculate the velocity as a function of electric field the spatial 
dependence of Np(x) and E(x) was required. These were obtained by 
resistively probing the electric field distribution along the sample with a 
tungsten probe of 2 micron point diameter. Np(x) was obtained from the 
electric field distribution below threshold and E(x) from the above threshold 
measurements. The measurements were complicated by ionization of electrons 
in the high field regions of the sample for mean electric fields above threshold. 
This caused Np(x) to be altered from its value in low fields and it was not 
possible to obtain results for an electric field in excess of 10kV/cm. In 
order to obtain sufficiently pure material to take results to this field it was 
necessary to use a sample which was doped above the critical value for 
domain formation. The sample became subcritically doped upon cooling to 
about —50°C because a substantial number of carriers were “frozen out” 
onto donor sites. The velocity—field curve obtained from these measurements 
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is shown in Fig. 3.20. Its accuracy is limited by the difficulty of accurate 
interpolation of the electric field distribution, it refers to material not at 
room temperature and shows strong ionization characteristics above 
10kV/cm. 


3.10 COMPARISON OF THEORY AND EXPERIMENT 


The measurements of Ruch and Kino in the previous section appear to 
suffer the least experimental objection and are also the most direct in their 
measurement of electron velocity. The generally good agreement of this 
measurement with the displaced Maxwellian calculations of Butcher and 
Fawcett and with Monte Carlo calculations have lead to the acceptance of 
this velocity—field curve as the one relevant to gallium arsenide of all resis- 
tivities, despite the fact that the measurements were made in semi-insulating 
material. Further developments in material uniformity and the microwave 
experimental technique have produced results‘’* ©”) in good agreement with 
curves A and E in Fig. 3.20. Measurements of the wavelength of growing 
space charge waves‘’*) propagating in semi-insulating gallium arsenide 
biased above threshold are also in excellent agreement with these two 
curves. 


3.11 THE EFFECT OF REDUCING THE INTERVALLEY ENERGY DIFFERENCE 


On the basis of the intervalley transfer mechanism it would be expected 
that a reduction of threshold field would arise from a reduction of the central 
to satellite valley energy difference. Indeed, it was just this effect which gave 
the first direct experimental verification that the intervalley transfer mech- 
anism was the basis of the Gunn effect. The required energy reduction can 
be brought about with a reduction of the lattice inter-atomic spacing, either 
by pressure or by alloying gallium arsenide with gallium phosphide. In each 
case the threshold field has been determined experimentally as the electric 
field at which the device current was a maximum before the onset of Gunn 
oscillations. 

Hydrostatic experiments have been carried out by Hutson ef al.) and 
Wasse et al.'°®) and the results are shown in Fig. 3.23. The threshold field 
is normalized to its value at zero pressure. Also shown in Fig. 3.23 are theo- 
retical calculations of the threshold field.°® These calculations were made 
for different intervalley energy separations which were related to the pres- 
sure from earlier electron transport experiments**) with a pressure co- 
efficient of —1:1 x 10~?eV/kbar. On the basis of this pressure coefficient 
good agreement is obtained for the critical pressure of 26 kbars, beyond 
which a differential negative resistance is not obtained. The calculations 
were an early version of the displaced Maxwellian approximation which did 
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not include all the relevant scattering mechanisms. However this will have 
little effect on the velocity-field characteristic up to and including the thres- 
hold field owing to the predominance of the polar scattering over this range. 

There is an increase of threshold field with pressure in the theoretical 
results and the experimental results of Wasse et al. at high pressures. This 
arises when the intervalley energy separation has become small and some 
thermal population of the satellite valleys has occurred. The differential 
negative resistance occurring beyond threshold arises from a strong decrease 
of the central valley electron population with increasing electric field. When 
the satellite valleys are partially populated by thermal excitations of 
electrons a sufficiently strong decrease of the central valley population with 
electric field is delayed to higher fields. Beyond this region when the central 
and satellite valleys are closer in energy, the thermal population of the satellite 
valleys is sufficient to inhibit the differential negative resistance. 


Threshold field (kV/cm) 


Pressure (kbar) 


Butcher ond Fawcett 
x Hutson et al 
@ Wosse et al 
Fic. 3.23. The effect of hydrostatic pressure on the threshold field. 


Experiments using uniaxial stress‘°® show similar threshold field be- 
haviour. It was found that the variation of threshold field with stress was 
most rapid for stress along the <100) direction, giving additional confirma- 
tion that the satellite valleys are along the (100) directions. 

In the interpretation of these pressure effects it has been assumed that 
the variation of the threshold field is predominantly determined by the 
intervalley energy separation. Previous studies of high mobility semi- 
conductors“!®) have shown that the stress dependence of electron mobility 
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is weak in any one valley of the band structure. In all of the pressure experi- 
ments care has to be taken in the choice of material. If it has impurity levels 
whose energy separation from one of the occupied conduction band valleys 
is ever within the thermal energy range, “freeze out’’ of carriers onto the 
impurity or trapping site may occur. A variation of carrier concentration 
with stress will occur in the experiment and increase the complexity of 
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Butcher and Fawcett Theory 
@ Allen et al Expt 
Fra. 3.24. The variation of threshold field in GaAs,P, -_, alloys. 


Gallium arsenide and gallium phosphide form a continuous range of 
solid solutions GaAs,P,_, (x is the arsenic proportion). Both of the pure 
materials have a similar band structure except that the central valley is the 
conduction band edge in gallium arsenide and the <100) valleys are at the 
conduction band edge in gallium phosphide. An alloy of the two materials 
shows a decrease of the intervalley energy separation as the phosphide con- 
tent increases. It may be expected that the threshold field for Gunn oscil- 
lations in GaAs,P,_, alloys would decrease with increasing phosphide 
content. Such behaviour has been observed‘*® for a phosphide content of 
less than 0-34. Theoretical calculations of the threshold field” in this alloy 
system have been made assuming that the intervalley separation decreases 
linearly with decreasing arsenic content, and becomes zero at x = 0-6. The 
experimental and theoretical results are compared in Fig. 3.24. The initial 
theoretical increase of threshold field arises from the expected increased 
strength of the polar scattering which is due to the stronger ionic character 
of the phosphide atoms. It is not observed in practice. 
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Both the pressure and alloying experiments allow population of the 
satellite valleys at low electric fields. This permits measurement of the 
electronic transport properties in these valleys for use in calculations of 
the high field velocity—field characteristic. 


3.12 GUNN EFFECT IN OTHER MATERIALS 


The Gunn effect has been observed in several other materials, all of which 
have the same conduction band structure as gallium arsenide. We have 
already dealt with gallium arsenide/phosphide alloys in the previous 
section. Indium phosphide has measured values of the threshold field 
between 5kV/em and 7:2kV/cm"*®” and Butcher and Fawcett? have 
predicted a threshold field of 6-65 kV/cm. using their early displaced Max- 
wellian calculation with the relevant indium phosphide parameters. Cadmium 
telluride has a measured threshold field of about 13 kV/cm‘°) compared 
with a predicted value of 14-25kV/cm.@* Zinc selenide may also exhibit 
the effect with a threshold field of 45 kV/cm but this is not clear.” 

An interesting situation arises with indium arsenide because its conduc- 
tion band is of the correct form but its intervalley energy separation is 
greater than its fundamental energy gap. Normally, at high electric fields, 
it exhibits avalanche breakdown as the mean carrier energy approaches 
that of the fundamental energy gap. Uniaxial stress along the <111> direc- 
tion increases the fundamental energy gap but decreases the energy difference 
of the central and satellite valleys. At a pressure of 14 kbars the avalanche 
breakdown gives way to Gunn effect oscillations” with a threshold field of 
1:7kV/cm. For higher pressures the behaviour is analogous to that of 
gallium arsenide under stress. 

The effects in these materials do not have practical significance at present 
because the material technology is much less advanced than that of gallium 
arsenide. Any alloy materials also suffer from the disadvantage of a reduced 
thermal conductivity due to the increased lattice disorder. This will reduce 
their mean power handling capacity when used as practical devices. 

Finally in this section, effects observed in germanium deserve mention. 
All materials considered so far have polar scattering as the predominant 
low field scattering mechanism. The ‘“‘breakdown”’ nature of the scattering 
is responsible for the very rapid intervalley repopulation with increasing 
electric field which causes a differential negative resistance. In non-polar 
semiconductors such a “‘breakdown’’ effect should not be so pronounced, if 
it is present at all, and it is of interest to know whether a differential negative 
resistance can occur in such materials. Observations of oscillations and 
weak differential negative resistance effects have been made in germanium at 
low temperature?) and at room temperature under pressure, and a 
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modified intervalley transfer mechanism appears to be a possible explana- 
tion. The conduction band edge of germanium consists of four equivalent 
valleys at the <111> Brillouin zone boundary. The valleys have ellipsoidal 
constant energy surfaces in k-space with a principal effective mass ratio of 
19. The next higher valleys lie in (100) directions 0:21 eV above the ¢111> 
valleys. The intervalley explanation of the effects has postulated an electric 
field induced transfer of electrons from light mass states of the <111)> 
valleys to heavier mass states in the ¢100) valleys for the low temperature 
effects in unstressed germanium. The effects at room temperature appear 
to be related to an electric field induced redistribution of electrons from 
light mass to heavy mass states of the anisotropic <111} valleys. The 
uniaxial stress is required to reveal the anisotropy of the <111> valleys by 
changing their relative energy and this allows the preferential population of 
suitable k-states by the electric field. 
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Chapter 4 


Dynamic Effects 


4.1 INTRODUCTION 


The exploitation of the potentialities of the negative resistance characteristic 
discussed in the last chapter hinges upon an understanding of various 
dynamic effects. The negative resistance produces distortions in the internal 
electric fields and charge distributions, which are harnessed or suppressed to 
differing extents in the several modes of operation. In this chapter the basic 
mechanisms are described, and more detailed discussion follows later. 

To set the scene, we first see what would happen if there were no dynamic 
effects at all. We find that there would then be no negative resistance at the 
device’s terminals and it would be useless. The next section deals with the 
domain mode which was the effect first observed by Gunn and since has been 
exploited to the greatest extent. This mode is, in a sense, the most un- 
controlled where dynamic effects are very prominent. We conclude the 
section with a brief mention of accumulation layers. 

Sections 4.9 and 4.10 cover two methods of domain control. In the L.S.A. 
mode control is essentially by time, for under suitable conditions a mature 
domain may not have time to form; whereas in the amplifier mode it is the 
low conductivity which stabilises and controls space charge distortion. This 
mode approaches the static situation of Section 4.2 in the limiting case of 
zero conductivity. 

Finally we try to assess the relative merits of the modes in terms of their 
capacities for generating power at microwave frequencies. 

This is an appropriate point at which to mention the slightly confused 
nomenclature surrounding the L.S.A. and hybrid modes. The distinction we 
seek to make in this and the two following chapters is between transit length 
and longer devices. Accordingly, transit length devices are generally 
covered under “domain modes” and over-length devices, be they L.S.A., 
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multiple quenched domain or hybrids, are all classified under “L.S.A. 
modes’’, except where logical presentation of the subject dictates otherwise. 


4.2 STATIC NEGATIVE RESISTANCE? 


In the last chapter we concluded that some materials exhibit static bulk 
negative resistance, and now we consider some dynamic effects which 
follow from this. 

To emphasize the importance of dynamic effects, we first examine the 
general proposition that no bulk negative resistance diode can exhibit 
negative resistance at its terminals if the internal electric field distribution is 
Static. By “static?” we do not exclude time variation in response to a 
varying applied voltage, we mean that a given applied voltage defines the 
spatial variation of electric field within the device, and that the applied 
voltage varies sufficiently slowly that dg/dt may be neglected in Eqn (4.2) 
below. 

Consider Poisson’s equation in one dimension 


OE e 
ees SS NS) ee 4.1 
ax 885 (n o) " (4.1) 
and the current continuity equation, neglecting diffusion, 
O(env) dq 
—=0. 4.2 
fe as Co 


where E is the electric field, e the electronic charge, &&, the permittivity, 
n the carrier concentration, and Ny the donor concentration. 
Since we are seeking a static solution dq/0t =O we may integrate 
Eqn (4.2) to obtain: 
env(E) = I = constant. (4.3) 


Here v(E) is the effective electron drift velocity given by a static 
velocity field characteristic such as shown in Fig. 4.1 for GaAs. 
We do not need to be specific however, and make only the following 


assumptions here: 


dv 
a? for 0O<E<E; 


dv 
ag ce for Er <E< Ey (4.4) 


dv 
qe ° for Ey < E. 
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It is tempting to look at Eqns (4.1) and (4.3) and select the solution 
n= No. This implies that F and n are spatially uniform and the static 
characteristic of Fig. 4.1 may be measured at the terminals of a device. 
Shockley“ and Kroemer™) have pointed out, however, that this solution 
violates the boundary conditions and is incorrect in the time independent 
case. 


10°x 20 


Drift velocity (cm/sec) 
fo) 


1 1 
10 20 30 = =100 200 


Field (kV/cm) 


Fic. 4.1. Static velocity—field characteristic. (Butcher and Fawcett“). (Crown Copyright, 
reproduced by permission of the controller of Her Majesty’s Stationery Office). 


The active bulk material must be terminated in contacts which are heavily 
doped and support only very small electric fields, except near the active 
material where there may exist substantial fields which decay rapidly with 
distance into the contact region. 

An idealised doping profile for an n-type crystal of length / is shown in 
Fig. 4.2. Here No is very large for x <0 and x >/ and there are sharp 
transitions at x =0 to the active region which is moderately doped 
(e.g. No ~ 1015 cm™? for 12cm GaAs). In practice the transitions would 
not be perfectly sharp but the argument which follows is not altered if 
diffuse transitions are included. 

From Eqns (4.1) and (4.3) we deduce that 


eo (aw) (4.5) 


where all the quantities on the right-hand side of Eqn (4.5) are constant 
throughout 0 < x < / except v(E). 
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Suppose we apply a voltage to the device such that 


> > E,. (4.6) 
For x <0 we have the boundary conditions that E is small and n = Np. 
From Eqn (4.5) we see near x = 0, where E is small and v(E) is small (from 
Fig. 4.1), that 0E/dxis large and n > Ng (Eqn (4.3)). 

As x increases, E increases, » increases, GE/0x decreases and n decreases. 
These changes continue monotonically until E = E,. 

At this point it must be the case that dE/dx > 0, for if dE/dx =0 we 
should have the stable solution of E = E; throughout the rest of the crystal 
and the condition V// > E; could not be met. A fortiori dE/dx <0 is 
excluded. 

As x increases from the point at which E = E;, then, E increases, » 
decreases, 0E/Ox increases and n increases. 

These changes continue monotonically up to the point where E = Ey, 
and as x increases further; E increases, v increases, 0E/0x decreases and 
n decreases. 0E/Ox remains >0 unless there exists a value of E such that 
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Fic. 4.2. Profile of donor and free carrier concentrations, electric field and carrier velocity 
for the time independent solution of a bulk negative resistance device. 
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v(E) > v(Ez). This situation is not shown in Fig. 4.2 as it merely adds a 
series positive resistance. 

The next change occurs at x = / where No becomes very large, dE/dx < 0. 
and E decays rapidly to a small value. 

The position at which E = E; is very close to x = 0, and almost indepen- 
dent of V, provided V /] > E;, because E in the contact region is very small. 
It is sometimes called a virtual cathode. 

The quantity which changes most directly in response to changes in V is 
OE/dx at E = E;. This determines the field, and by integration, the voltage 
in the remainder of the sample. An increase of total voltage must be 
accompanied by an increase of dE/dx at that point, and by an increase in 
n, since v(E;) is a maximum value of v(E). 

Any increase of V therefore implies an increase in J, which constitutes 
positive resistance. 

This treatment neglects the effects of diffusion, energy transport and 
variations in No. McCumber and Chynoweth™ have verified by numerical 
integration that inclusion of these effects does not alter the argument. 
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Fic. 4.3. Transit of a high field domain observed by Heeks“* with a capacitively coupled 

probe. The lower trace is the current through the 0:25 cm Gunn diode and the upper 

traces are the probe voltages measured at successive probe positions. The device was 
operated with a triggered domain and a negative applied voltage. 
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We study domains first because they show dramatically the importance of 
dynamic effects and it was these which were first observed by Gunn.) 
Gunn carried out two main experiments. In the first he observed oscillations 
in the current through some IJJ-V compounds (notably GaAs) when the 
electric field in an oscillating sample was probed, and it was observed that 
high field regions or domains propagated through the sample from cathode 
to anode. The domain disappeared into the anode coincidentally with a 
maximum in the current waveform, and a new domain was nucleated at the 
cathode. The probe experiment was repeated by Heeks“*) using a triggered 
domain technique and Fig. 4.3 is a sequence showing domain propagation 
very clearly. 

The experiments showed that the domains reached a stable amplitude 
and shape very rapidly (the product of doping and length, No/, was high) 
and then travelled at about 107 cm/sec. 


4.4 Nol PRopUCT—SPACE CHARGE GROWTH 


The essential assumption which led to the result of positive resistance at 
all frequencies in Section 4.2 was 


0q : 
ian in Eqn (4.2). 

If time variation is included, negative resistance may be observed at 
certain frequencies even in D.C. stable devices; this is known as the 
amplifier mode of Thim® and occurs when the product of carrier 
concentration and length (No/) is less than about 101! cm~?. At much higher 
values of No devices are unstable and the travelling high field domains are 
formed, as seen by Gunn. 

Calculation of the critical Ng value involves a complete numerical analysis 
of the stability of the amplifier mode against small fluctuations. This was 
first done by McCumber and Chynoweth®, and when that calculation is 
updated to include the effects of energy transport, diffusion and more 
sharply negative velocity—field characteristics, a value of Nol = 0.76 x 101! 
cm? is obtained.” 

Various simpler arguments had been advanced predicting a critical No 
value®, and a very straightforward one by Kroemer® is based on 
Poisson’s equation. Any domains must most certainly be no longer than the 
sample, so the difference AE between the peak domain field and the field 
elsewhere must satisfy 
np oe 


= Nolx1-6x 1077 
Bq 
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hence a 


Nol > AE cm~? if domains are to form. 


The threshold field in GaAs is 3 x 10°V/cm and a domain must presumably 
have a field at least twice as large. More important, a domain must be 
considerably shorter than the sample if it is to propagate. These two 
considerations amount to (say) a factor of 4 to give a critical value near 
the 0:76x10'tcm™? required by rigorous calculation, and this seems 
reasonable. 

Experimental evidence confirms the value of 10''cm~? only rather 
imprecisely since so far the determination of carrier concentration and 
uniformity has not been good enough. The increasingly widespread use of 
C-V plotters for the measurement of charge carrier profiles however 
should yield interesting evidence on this point. 

An analytical approach gives useful insight into domain growth, although 
the small signal approximation can take us only as far as an embryo 
domain. 

The relations governing space charge growth are the continuity, particle 
current and Poisson’s equation: 


2 


J = nev — sot 
Ox 
OE (n— No) 
—- = — ——_ @ 
Ox &E 


where J is the particle current density and D the diffusion coefficient. 

To discover the conditions for initial growth from equilibrium a small 
signal approximation is valid. We express the quantities as the sums of 
their static parts (suffix 0) and small signal components: 


J=Jot+J, 
n=" +n, 
v =U. + HE, 
) 
D=D E 
0+ (2) x 
E=E,+E£, 


where 4 is the slope (negative) mobility dv/0E. 
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Substitution in the governing equations and elimination of F, and J, 
leads to 


ny ( € No (2) | No Ut On, 


ax? GE Jol ax | #2 at’ 


Now é€ /(meu) is the negative dielectric relaxation time t,; writing the 
expression in the brackets as v, we have 


2 
fe) ny On, ny On, 


— DvD oe —= 
pa ea Sie a 
which may be recognised as a wave equation. 
It has solutions of the form 


1 
n, © exp {(— - Dok).| exp {jk(x — v,t)} 
which is a growing wave if 1/t, > Dok”, where k is the wave number. 

In most Gunn devices 1/t, > Dok? so that the small signal growth is 


dominated by t,. 
The significance of the / product lies in the magnitude of this growth 


exponent in one transit. 
A transit time is t = //v, so the exponent is 


/ lnep 


Tyo = £EoV, 

The velocity may be appreciably altered by OD/dE, but if we take its 
value as 10’ cm/sec, then for No/ = 1011 cm~? (N ~ no) the exponent is 3. 
This is stretching the validity of a small signal argument, but a large 
exponent of growth in one transit must be necessary if a domain is to form. 


4.5 Nol? PRODUCT 
Thermal diffusion not only modifies the velocity, as shown in the last 
section, but gives also the overiding requirement 
1 
—~ > Dk 
Ty 


if space charge waves are to grow. 

This inequality states that a very short device cannot generate domains, 
even if the No/ product would allow it, because diffusion would smooth out 
any such charge non-uniformities. 
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The limiting condition is 


2 
Dok? mle D; (=) = No ey 
l Ep 
ao Nol? = £6 Don? 


eu 


taking D = 200cm? sec™! and the slope negative mobility » as 2000 cm? V~4 
sec~! we obtain Noi? = 0:69 x 107 cm7?. 
We may readily see that the N,/? limit does not affect practical 
domain devices, for if 
Nol > 0:7 x 1071 cm~? a 
then for 4 


( I> 107* cm (=1 pm) S. 3 


rene. amneell 
Nol? > 0-69 x10? cm7!, | 


Ae 


As far as is known, no Gunn devices as short as 1 .m have yet been made. 
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Domains may also be stabilized, or inhibited from forming, if the thickness 
of the active material in a direction perpendicular to the electric field is small 
enough. If this dimension is d then the critical value is given approximately 
by 

Nod = 10%! cm?, 


The electric field outside the device, produced by a domain or incipient 
domain inside, acts in such a sense as to restore the charge distribution to a 
uniform state, opposing the formation of the domain. With sufficiently 
thin geometry the effect is important. It can be enhanced by placing high 
permittivity material against the active device so that the depolarizing field 
has greater effect.‘2+:25) 

The technique can be used to stabilize comparatively high current devices 
for use as amplifiers, which would form domains and oscillate if the 
No/ factor were the only controlling influence.?® 


4.7 STABLE DIPOLE DOMAINS 


When the conditions for rapid space charge growth or accumulation are 
satisfied, then it is the dipole domain which is found in real samples. It 
traverses the sample at nearly constant speed, and for a given applied voltage 
its amplitude is nearly independent of time. 
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The precise nature of these conditions we will discuss in Section 4.9 on 
the L.S.A. mode. For the moment, let us simply say that the charge 
accumulation time is much less than the time that the average voltage is 
above threshold, and the No/ product is large. 

We consider Poisson’s equation in one dimension 


sae ea) ee (4.6) 
and the current continuity aie 
) 
< | envte) = ee * (0®) n)| +32 +—=0 (4.7) 


where D(E) is a field dependent thermal diffusion term. 
We substitute for g from Eqn (4.6) and integrate with respect to x: 


env(E) — e < (D(E) n) + & sea = I(t). (4.9) 


Here we must remember that 0J/0x = 0. Equations (4.8) and (4.9) simply 
represent the conservation of electrons in one dimension. Conduction is by 
electrons only, and we exclude hole-electron pair creation or annihilation. 

We wish to show that a high field domain propagating without change of 
shape at a velocity vp (say) is a solution of these equations. 

We transform to the moving coordinate system x’ = x — vpt in which 
n and E have unchanging shapes. Outside the domain the field is uniform, 
hence by Poisson’s equation n = No, In this region displacement current is 
zero. 


Now dE OE dE aE 


pele Wccstba age 0. eae 


Ox = ax’ en ot age ox’ 
so Eqn (4.6) becomes: 


and Eqn (4.9) becomes: 
env(E) — o- < (0) n) — e(n — No) vp = e Novp 


or d 
ag (D(E) n) = n(v(E) — vp) — No(vr — vp). (4.10) 
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a ge d 
dx’ dx'dE 
so, Eqn (4.10) becomes: 


n(v(E) — vp) — No(vr — Up) ; 


4.11 
n—No ( ) 


€E dE 7 Owen ol 


In Fig. 4.4 we show typical carrier concentration and field profiles for a 
domain, and in Fig. 4.5 carrier concentration is shown as a function of field. 
It is clear that m is a double valued function of E, the upper branch 


corresponding to the accumulation layer and the lower branch to the 
depletion layer. 
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Fia. 4.4. Field Eand carrier concentration, n, profiles for a fully developed domain. (Crown 
Copyright, reproduced by permission of the controller of Her Majesty’s Stationery Office). 


Numerical methods must be employed to obtain a general solution of 
Eqn (4.11) as has been done by Copeland“ and Butcher et al.“!) 
However, a very instructive approximate solution has been obtained 
analytically by Butcher.“ 

If we assume that D(E) has a constant value D then Eqn (4.11) may be 
integrated to give: 


ae — toe (-) -1= Ge [" [ (oe) 0) - TE on o0)] a 
(4.12) 


where n = Nj at E = Ep from Fig. 4.5. 
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The boundary conditions are that n = No at E = Ep and E = Ep. The 
left-hand side of Eqn (4.12) vanishes when n = No so the right-hand side 
must vanish at E = Ep whether the integration is performed along either the 
upper or the lower branch in Fig. 4.6. However, the second term of the 
integrand takes different values for the two branches, unless vg = vp, while 
the first does not. Clearly then, 


DR = Vp. 


Equation (4.12) also enables us to deduce a dynamic characteristic. Since 
the integral vanishes we can determine the peak domain field Ep from the 
condition that the two shaded areas in Fig. 4.6 are equal. This construction 
gives the dotted curve—which is a plot of vg against Ep. 
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Fic. 4.5. Carrier concentration, n, as a function of field EZ. (Butcher et al.“”), Crown 
Copyright, reproduced by permission of the controller of Her Majesty’s Stationery Office). 
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Fic. 4.6. Geometric construction of the dynamic characteristic by Butcher’s equal areas 
rule. (Crown Copyright, reproduced by permission of the controller of Her Majesty’s Stationery 
Office). 
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For high electric fields, the shape of the dynamic characteristic and 
indeed the domain itself may have very different shapes depending on the 
static curve. If the static curve saturates at a velocity not much greater than 
the valley velocity, it is possible to satisfy the equal areas rule, for 
domain fields which tend to infinity, as in Fig. 4.7. On the other hand, if 
the static curve continues to rise steadily beyond the valley, we eventually 
must reach the situation in Fig. 4.8 in which vp = v(Ep) and the peak 
domain field is bounded. In this case if the average bias field is further 
increased, the domain becomes flat topped, rather than triangular, and there 
is a uniform high field region between the depletion and accumulation 
layers in which n = No. This situation has not been observed experimentally, 
as the static characteristic remains nearly saturated up to the impact 
ionization potential of about 200 kv/cm, and above this observations have 
not been made (Heeks”). 
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Fic. 4.7. Dynamic characteristic for a saturating static” characteristic. Ep -» oo for 
sufficiently high bias fields. 
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Fic. 4.8. Dynamic characteristic for a non-saturating static characteristic. There exists a 
maximum value for Ep. 


This treatment may be refined in various ways, generally by numerical 
analysis. The assumption which most needs modification is that D is 
constant. Allen et al.“°) used an approximation to field dependent 
diffusion D = D(E) and obtained a modified equal areas rule 


Ep o(E) — vp = 
a D(E) = 


STABLE DIPOLE DOMAINS 121 


However, we will here consider the further simplifications of zero diffusion 
D=0. This has the advantage of providing an analytic solution to the 
domain shape, although it is somewhat unrealistic as it predicts an infinite 
carrier concentration in the accumulation layer, and total depletion in the 
depletion layer, even in short samples, which is not found experimentally. 

We see from Eqn (4.12) that as D +0, n > 0 in the accumulation layer 
and n - 0 in the depletion layer. 

The width of the accumulation layer is zero and the field changes abruptly 
from Ep to Ep. In the depletion layer there is a linear change of field in a 
distance d given by Poisson’s equation 

d &&o : 
The total excess voltage across the domain therefore is 
88 
®p = H(Ep — Ex)d = 5 - (En — En), 
0 


in addition to that due to Ep. 
The total bias across the device is: 


0) = Dy + Epl (4.13) 


so all the parameters of a domain may be calculated once Ep/E, is determined 
from the equal areas rule. 
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Fic. 4.9. Domain potential as a function of field outside the domain in the zero diffusion 
limit for 1 Ohm cm resistivity (full curve). The broken straight line is the load line for a 
400 sam long sample subject to 120 V bias (Butcher ef al.”). (Crown Copyright, reproduced 
by permission of the controller of Her Majesty's Stationery Office). 
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The foregoing treatment is that of Butcher et al.“”), and in Fig. 4.9 we 
reproduce their final diagram from which may be deduced the peak domain 
field, domain width and velocity for any sample, in the approximation of 
zero diffusion. 

An improvement on this calculation was made by Butcher and Fawcett“*) 
using an analytic approximation to their velocity field curve“) and 
constant diffusion, D = 178cm?/Vsec. The inclusion of diffusion smooths 
out the perfect sharpness of the domain shapes calculated above. 

The calculated domain shapes for several values of peak domain field in 
1 cm GaAs are shown in Fig. 4.10. 


160 


120 


80 


Field (kV/cm) 


40 


-6 -4 -2 0 2 4 6 8 te) 
Distance (jm) 


Fic. 4.10. Calculated domain shapes in 1 Ohm cm GaAs for various peak domain fields. 
(Butcher and Fawcett“), (Crown Copyright, reproduced by permission of the controller 
of Her Majesty’s Stationery Office). 


Full calculations of domain behavior from Poisson’s equation and the 
current continuity Eqns (4.9) and (4.10) have been made by Copeland?” 
and Butcher et al.'!) The important differences between these results and 
the more approximate analysis are that the domain velocity differs from that 
of the electrons outside the domain to an extent dependent on the 
resistivity, and that the peak domain field is also resistivity dependent. 
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The results of these full calculations, using field dependent diffusion, are 
given in Figs. 4.11 to 4.15 for 1, 5 and 10 Ohm cm GaAs“), In Fig. 4.11 we 
show the dependence of domain and electron velocity on the field 
outside the domain for various values of resistivity. The domain velocity 
is greater than that of the electrons outside except near threshold, and the 
difference decreases as the resistivity is increased. The dependance of the 
peak domain field on the field outside is shown in Fig. 4.12, and in 
Fig. 4.13 that of the extreme values of electron population in the domain. 
Figure 4.14 shows the domain widths, and may be compared with Fig. 4.10. 
Figure 4.15 is the most important of the set. It is a plot of domain potential, 


Op = i) (E — Ep) dx, asa function of the field outside, Ep. 
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Fic. 4.11. Electron drift velocity and domain velocity against field outside the domain. 


If we plot on this graph the boundary condition, Eqn (4.13), representing 
the applied bias, we have a straight line with slope —/. The intersection 
with the characteristic curve gives ®, and E, and the remaining parameters 
may then be read off from Figs. 4.11 to 4.14. 
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Fic. 4.12, Peak domain field against field outside the domain. (Crown Copyright, reproduced 
by Permission of the controller of Her Majesty’s Stationery Office). 
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Fic. 4.13. Maximum and minimum values of electron population in the domain against 
field outside the domain. (Crown Copyright, reproduced by permission of the controller of 
Her Majesty’s Stationery Office). 
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Fic. 4.14. Depletion and accumulation layer widths against field outside the domain. 
(Crown Copyright, reproduced by permission of the controller of Her Majesty’s Stationery 
Office). 
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Fic. 4.15. Domain potential plotted against the field outside the domain. A “load line” 
representing Eqn 4.13 may be drawn on this graph, and the domain potential and outside 
field read-off. Figures 4.11 to 4.14 can then be used to find all the domain parameters. (Crown 
Copyright, reproduced by permission of the controller of Her Majesty’s Stationery Office). 
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4.8 TRIGGERED AND MULTIPLE DOMAIN 


Triggered domains are best understood by considering a Gunn device in a 
resistive circuit. 

To initiate a domain the average field V// must rise above threshold. 
Once it is formed, however, it will survive as long as the average field 
remains above the (lower) sustaining value. This can be calculated from the 
equal areas rule and for long samples it is not much greater than half the 
threshold field. 

This situation has been exploited (Heeks“) in the generation single 
triggered domains. A bias field was applied, and a short pulse sufficient to 
take the device over threshold, and initiate a domain, was superimposed. 

The domain then made one transit and did not repeat until another trigger 
pulse was applied. This technique was used primarily as a diagnostic tool 
as it was very valuable in studying domain motion. It is also important how- 
ever, in digital applications such as the Dofic (Chapter 9). 

It is occasionally possible to initiate a second domain while the first one 
is still transversing the specimen. If this occurs one domain grows at the 
expense of the other which decays to zero. This is a consequence of the 
essentially unstable nature of space charge growth. The only stable situation 
is that in which there is a single domain with the electric field elsewhere 
below threshold. Multiple domains may be significant however, if there is 
too little time for the stable situation to be achieved. The multiple 
quenched domain mode, which is a hybrid of L.S.A. and domain modes, is 
discussed in Chapter 6. 


4.9 ACCUMULATION LAYERS 


The accumulation layer is a form of domain studied by Kroemer.® Consider 
a velocity field characteristic such as that of Fig. 4.16, and apply constant 
voltage to a sample in which E=0 and n= Nj at each end. Poisson’s 
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Fic. 4.16. Accumulation layer mode working points. 
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equation and the charge continuity equation predict an excess of carriers at 
the cathode just as we had in Fig. 4.2. This is an accumulation layer and as 
the field rises through threshold (Nj/ > 1011cm~?), most of the layer 
detaches from the cathode and drifts through the sample (Fig. 4.17). The 
field between the cathode and the accumulation layer is below threshold 
and that nearer the anode is above threshold. By current continuity 
the two fields E,, E, are related by the displacement current of the 
travelling and growing accumulation layer; so that in general v(E,) # v(E2) 
and the velocity of the layer is not constant. The layer travels to the right, 
with the electron flow, and grows so that E, decreases and E, increases. 
When E, reaches the valley field it then increases on the high field positive 
resistance branch, E,’, and E, goes up with it. This continues until the 
accumulation layer reaches the anode or E, reaches threshold, when a further 
layer detaches itself. 
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Fic. 4.17. Carrier concentration, doping profile and electric field for the accumulation 
layer mode. 

This behaviour is not that observed by Gunn or Heeks although it has some 
relevance to the L.S.A. mode as we shall see later. The reason is that the 
doping profile was assumed to be perfectly uniform which it can never be in 
practice. 
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Doping non-uniformities have been considered by Kroemer®® and 
McCumber and Chyoweth showed that a fluctuation as small as 107° 
over a distance of lj1m initiated a depletion layer which merged and grew 
with the accumulation layer to form the dipole domains observed experi- 
mentally. 

This is a consequence of the basic instability of bulk negative resistance 
material characterized by a high No/ value. 


4.10 THE L.S.A. MODE 


The limited space charge accumulation (L.S.A.) mode was first predicted by 
Copeland in a computer simulation of Gunn diode behaviour.“7) There 
followed experimental evidence“!® and there is no doubt that the mode 
exists, although it is much more difficult to observe in its pure form than 
was thought as first. 

It was the first of the “‘overlength’’ modes (i.e. longer than transit length). 
These modes are important because they are free of the impedence limitation 
which restricts the transit length modes. Other overlength modes, multiple 
quenched domain and hybrid, occur under less ideal conditions and are 
included under the same head. 

The sequence of events approaches very closely that which one might hope 
for from a bulk negative resistance device. The major portion of the L.S.A. 
diode is in the high field, negative resistance region, and there are no transit 
time effects, so there is no limit in theory to the active length. 

The circuit and diode are arranged so that the average applied field, 
Vjl, dips below threshold every cycle of the R.F. and the accumulation 
layer breaks away from the cathode as the field rises through threshold 
(Fig. 4.18). It then travels to the right at a speed presumably close to the 
peak electron velocity. The region on the left of the layer is then in the low 
field state and that on the right in the high field state. 

The average field V// remains above threshold for less than a cycle and 
when it is once more in the ohmic region any accumulation space charge 
disperses. 

Let us return to the current continuity and Poisson’s equations 


OE 
es Rp NY (4.14) 
Ox = &y 


) edn 
ae (env) = eo 0 (4.15) 


and see why the problem is different from that of Section 4.1. 
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This time e0n/0t (=0q/0t) is non-zero and plays a vital part in the 
negative resistance mechanism. 
Instead of Eqn (4.3), we have 


env(E) + e| BP ay = I = const. (4.16) 
fy) Ot 
and for Eqn (4.5), we have 
as 2N, fi ody 
a 5 
i ee Oem (4.17) 
eNo v(E) 


In Fig. 4.18 we show the field and charge profiles for an average field 
at that moment above threshold. On the left the field (E,) is in the ohmic 
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Fic. 4.18. Field, charge, and donor profiles for an L.S.A. diode. The average field is above 


threshold in the figure. The »-E curve shows the field to the left, E,, and right Ep, of the 
accumulation layer, when the average field is at a turning value. 
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region, on the right (Eg) in the negative resistance region (possibly even 
E > E,), both fields correspond to nearly the same velocity, and n = No. 

As V/l decreases the process is reversed, except that the quadrature 
component has now swung negative and the carrier velocity and field to the 
left of the accumulation layer are slightly lower than those on the right. 

In this way, in sufficiently long samples the true negative resistance of the 
bulk material is exhibited at the terminals, or very nearly so. We now turn 
to examine the conditions under which the mode may be observed and why 
dipole domains do not form. 

A basic requirement for this mode is that the field must lie in the 
negative differential mobility region of the velocity—field curve only for very 
short times compared with the average “negative dielectric relaxation time’’t, 
so that the charges have very little time in which to accumulate. The 
particular shape of the velocity field curve for GaAs is rather helpful in 
achieving this end in practice. 

As we see in Fig. 4.19, the steep negative slope is confined approximately 
to the region E; < E < 3E; and for larger fields the differential mobility 
is nearly zero. For sine waves then, one can envisage a rapid change of 
field from E; to 3E; with the slow maximum occurring out on the flat part 
of the curve, and the minimum in the ohmic region. 
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Fia. 4.19. Velocity—field curve for GaAs showing that the negative slope region is largely 
confined to field values Ey < E <3 Ep. 


This brings us to the second condition, that the field must remain in 
the ohmic region long enough to disperse the accumulation layer and any 
charge accumulated when the field was above threshold. We can express 
these two requirements as: 1 Z 2685 
f = None 


and 1 


&Eq 
> 
i N. op € 
+ If a bunch of carriers is introduced into a conductor it will disperse and smooth out 
exponentially to equilibrium in a characteristic time ¢&9/o0 which is the dielectric relaxation 


time. a is the differential conductivity, and if this is negative charge accumulates rather than 
disperses, and the dielectric relaxation time is said to be negative. 


(4.18) 
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where f is the frequency, n the carrier concentration, e the electronic charge, 
> the permittivity and fy, “, the notional negative and positive dielectric 
relaxation times. The choice of the constant 2 and the factor represented by 
> are somewhat arbitrary (or inspired) and 10 is usually taken for the 
latter. With the physical constants appropriate to GaAs, we then arrive at 
the condition: 


2x 10° > + > 2x10*cm™? sec. (4.19) 


We stress the existence of a lower limit, No > 2 10*. If No were very 
low both growth and decay would be equally affected and we should not 
expect growth. However the requirement is not only that net growth over a 
cycle should not occur, but also that the accumulation layer which 
detaches from the cathode every cycle should decay when the field is below 
threshold. This requires an adequately fast dielectric relaxation time and 
hence Ny > 2x 10+. 

We will look more fully at the conditions for space charge growth and 
circuit control in Chapter 6, and we will see then that these approximately 
derived bounds for No are a good working guide. 

The contact regions are similar to the D.C. case (Section 4.2) but the 
accumulation layer is very different. The layer is moving to the right with 
a velocity vp, so at its left-hand edge at any time On/dt is large and 
negative, and to obey current continuity (Eqn (4.16)) there is an increase in 
nand v. In Eqn (4.17) dE/dx is >0, for v can only increase by about a factor 
of two, whereas 0n/dt is large, so E increases throughout the accumulation 
layer. 

On/0t passes through zero and becomes negative at the peak of the Guar 
distribution if d/dt (V/J) is temporarily zero, and in this case 


is Zero at points to the right of the layer, as it is to the left. 
However, if V is increasing 


PION 5x 
(ye >0 


at points to the right of the layer, so that conduction current, hence v, 
must be greater to the left of the layer. This represents a capacitative 
current in quadrature with the conduction current. The “plates” of the 
capacitator are the accumulation layer, and the right hand contact. 
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The accumulation layer travels into the diode until it is quenched when 
the average field V// drops below threshold again. There are no transit 
time effects, and usually the region on the right of the layer is much longer 
than that on the left. In that case the average voltage V must be dominantly 
related to the field on the right, as that on the left occupies only a small 
distance. 

As V/I increases, then the high field (on the right) increases, and the 
current there falls (provided V// < Ey). By current continuity the current 
on the left must fall equally, except for the effect of the quadrature com- 
ponent, and the accumulation layer grows, so providing greater values of 
displacement current to satisfy the requirement for larger values of E 
integrated from Eqn (4.17). 


4.11 AMPLIFIERS 


An oscillator is usually regarded as an amplifier with feedback. Because of 
the essentially unstable nature of the bulk negative resistance in GaAs this 
is not a useful approach to the examination of either domain of L.S.A. 
modes. The amplifier mode we are about to discuss is manifest in GaAs 
with different parameters (length and doping) from those appropriate to the 
oscillator modes. 
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Fic. 4.20. The frequency x length and doping x length products are plotted to show the 

values appropriate to various modes in GaAs. The positions of the lines vary with material 

quality, temperature and circuit conditions, and represent diffuse rather than hard 
boundaries. (Copeland), 
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Figure 4.20 is a very useful chart of the various modes possible in GaAs 
(Copeland). The ordinate and abscissa are the frequency xlength and 
doping x length products respectively and a locus of constant doping/ 
frequency ratio is a straight line at 45° to the axes. 

We see for Nol < ~ 101! (Section 4.3) domains are not normally formed, 
although if the device is near transit length some space charge waves may be 
generated. The magnitude of the No/ product determines whether these 
waves grow into domains. At higher No/ products the sample would 
generate transit time Gunn domains. 

For high Nol values we also see the two circuit controlled domain modes; 
delayed domains, which are most frequently exploited in practice and give 
reasonable efficiencies (Chapter 5), and quenched domains. A quenched 
domain is a dipole domain which is able to travel only part way across a 
specimen before the average field swings below the sustaining level, and so 
the domain dies. 

The L.S.A. conditions are fulfilled above the line N g =2x105 
approximately and this mode, or a hybrid, is usually exploited for high 
frequency high power operation. 

Below No/ ~ 101! then, we see that domains are not normally formed. 
There is a still bulk negative resistance however, and this can be used to make 
an amplifier. As we would expect from the discussion at the beginning of the 
chapter, negative resistance can only be observed over certain frequency 
ranges, and is absent at low frequencies. 


4.12 POWER AND FREQUENCY PERFORMANCE LIMITATIONS 


We turn now to consider the ultimate performance that might be obtained 
from Gunn Effect Devices. The approach was suggested by Early? and 
Johnson” for transistors and applies to any transit time generator. Clearly 
it is always possible in principle to increase output by using many devices 
in parallel, or by increasing the cross-sectional area of one, so to make the 
discussion meaningful we must include the impedence, Z, at which the 
system works. 

In practice Z cannot be made arbitrarily small. The problem of 
matching the impedence so that the power may be delivered usefully to a 
load is difficult below about 10 ohm, and below 1 ohm it is extremely so. 

A semiconductor material has a breakdown field Ez and a maximum or 
saturation carrier velocity v,. The maximum voltage which can exist across 
a transit time device of frequency / is: 


Ezv v, 
V = ——., ssince the length is —, 
f f 
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and the maximum rapidly switchable current at the impedence Z is 


The greatest power obtainable at this frequency from such a device is 
then: 
E;" a 
f7Z 
To achieve this power would involve reversing the current and voltage in 


perfect antiphase at that frequency. In a perfect undirectional device the 
maximum power is a quarter of that given above. 


P=VI= 


for square waves. 


So 2,2 
E,;* v 

27 _ “BOs 

Pf*Z ar, 


The product Pf?Z is then a good means of comparing different devices 
and for a particular device it is a measure of how closely the fundamental 
limitations have been approached. In practical devices it is likely that the 
ultimate achievement would be nearer a tenth of E,?»,?/4 than perfection 
itself. 

In this way the advantage of the L.S.A. mode can be strikingly illustrated. 
There is no transit length restriction and so the limitation 


v. 
V = E,.— is absent. 


id 


There is then no limitation on PZf? on fundamental grounds; one has to 
examine restrictions in crystal technology, skin depth or cavity size in order 
to find any limitation. In units of Watts. Ohms . (GHz)* values of over 10° 
have already been achieved’?”) and there is no reason why 10® should not 
be reached in a year or two. 

All these arguments apply to pulsed operation and at the moment thermal 
considerations are much more restrictive for continuous generation. In 
principle however, geometries are possible which would enable heat to be 
removed sufficiently fast. It is in this direction that the most valuable pro- 
gress will be made in the near future, rather than in simply increasing 
peak power values, important though that is. 

It is clear, however, that for high peak powers and high frequencies the 
overlength modes have substantial advantages over transit length limited 
modes. 
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4.13 ELECTRON ENERGY RELAXATION EFFECTS AT HIGH FREQUENCIES 


The high frequency performance of Gunn devices is limited by the 
frequency dependence of the negative differential mobility. Rees‘?*) has 
shown that due to the weak scattering of electrons with energies between 
0-1 and 0-36 eV in the central valley, the threshold electric field rises and the 
differential mobility falls as the frequency increases. Below 10 GHz the 
effects are small but become important above 30 GHz. At 100 GHz the 
threshold is 6-5KV/cm and by 140 GHz the negative conductivity is 
negligible. 

Contrary to earlier expectations Rees shows that neither intervalley 
scattering times nor relaxation within the upper valley are important at 
microwave frequencies. 

It is to be expected that relaxation time effects would have a profound 
influence on domain behaviour, especially at the sharp trailing edge. Here 
the electric field gradient is very large, and as the domain velocity and 
electron velocity are not in general equal, the electrons are required to change 
energy extremely rapidly as the domain propagates. The effect of a limited 
energy relaxation time must presumably be to smooth out the otherwise 
sharp transition, but as far as is known this extremely difficult calculation 
has received little study. 
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Chapter 5 


Transit Time Modes 


5.1 INTRODUCTION 


In the previous chapter we obtained the dynamic current-voltage character- 
istic for the stable domain propagation. We now go on to consider domain 
modes in detail and see how an oscillating circuit reacts on the generator 
which is sustaining it. We must bear in mind that the dynamic characteristic 
was derived for constant applied voltage, and allowance must be made for 
the domain’s response to an oscillating applied voltage. 

This chapter includes only transit modes, in which the domain transit 
time is roughly within a factor or two of an oscillation half period. Quenched 
domains, in which the sample is much longer, are left to Chapter 6 which 
covers all the “long sample’”’ modes. 

We start by considering domain properties in more detail to see how they 
will affect performance, and then proceed to examine the limiting cases under 
favourable assumptions. Three approaches to calculating device performance 
are then given, and the remainder of the chapter deals with practical operation 
and some experimental results achieved up to mid-1969. 


5.2 DOMAINS 


Transit time operation is confined to domain modes and some hybrids 
in which domains are only partly formed. The distinction is made partly by 
the n/ product of the diode and partly by the circuit frequency, bias and rf. 
swing. High power transit time devices are particularly likely to have in- 
completely formed domains because of the high bias voltages usually em- 
ployed, whereas small C.W. devices operate more nearly in a conventional 
domain mode. 


5.3 DOMAIN NUCLEATION 


The nucleation of domains is not fully understood, even though working 
rules are known. 
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It is expected that a domain will nucleate where the electric field first 
exceeds threshold as the applied voltage is increased. In general, this will be 
the highest resistance layer in the device; highest either because of a doping 
variation, or a geometric constriction. While this is found to be broadly 
true, there are some exceptions. 

Devices have been made in which the electric field is in the plane of the 
epitaxial layer rather than normal to it. In some of these transverse devices 
it was found that a heavily doped n* GaAs cathode would not nucleate 
domains even though the geometry was favourable, and metal cathodes had 
to be used.“ Again, in some longitudinal devices, even with a high resistance 
layer near the substrate, domains would not nucleate when the substrate 
was the cathode; high field regions seemed to form at the metal top contact 
whether this was anode or cathode. Symmetrical devices can be made with 
n* GaAs contacts in the longitudinal geometry however. 

Simple longitudinal devices with metal top contacts are geometrically 
asymmetrical and it is not surprising that these have usually been found to 
operate only if the metal contact is the cathode. When the bias was reversed 
most devices were destroyed after a few hundred nanoseconds. A current- 
voltage characteristic taken with short pulses usually showed a very limited 
saturation region, or even only a slight point of inflection, followed by 
avalanche or injection (Fig. 5.1). 


Voltage Y > 


Current /- 


Fia. 5.1. Pulsed I-V characteristics for epitaxial metal contact longitudinal devices, Curve A 
—metal as cathode, Curve B—metal as anode. 


Recent work at S.T.L.@” has shown that some non-reciprocal behaviour 
is due to the loss of arsenic from the GaAs during the contacting procedure, 
which leaves a high resistivity layer adjacent to the contact. Metal contact 
deposition in an atmosphere containing arsenic has yielded devices whose 
current-voltage characteristics are nearly as symmetrical as those of devices 
with n* GaAs contacts. 

If a high field domain does form in a position where it does not propagate, 
such as against the anode, the device is likely to be destroyed. The power 
density in that region could be 10 to 100 times (depending on the v/ product 
and the bias) the mean values for a device operating normally. The high 
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electric field at the anode may lead to hole injection from that contact, or 
there may simply be avalanche generation. Either mechanism would lead to 
the non-saturating curve B in Fig. 5.1. Curve A is the residual characteristic 
which is observed when the measurement is slow compared to domain 
formation, and should not be confused with the true instantaneous 
characteristic, such as Fig. 4.1, which may be observed directly only with 
difficulty. The residual characteristic usually either saturates or has a slightly 
negative slope, with one or more abrupt negative jumps in current when the 
device breaks into oscillation or changes its mode. In some, presumably 
good, devices the jump occurs immediately after the peak current is reached, 
and may amount to a drop in current of up to about 60%. 


5.4 DOMAIN CAPACITY AND DEVICE REACTANCE 


In order to calculate the capacity of a domain, we return to develop further 
the domain properties discussed in Chapter 4. We are concerned for the 
moment with stable domain propagation following the treatment of Butcher 
et al.) with zero diffusion. 


concentration 7 


Carrier 


Distonce x—>— 


Fic. 5.2. Field and carrier concentration in a Bee domain. The domain propagates to the 
right. 

Figure 5.2 shows the field and carrier concentration profiles for a fully 
depleted domain with a sharp concentration in the trailing edge. We saw in 
Chapter 4 that such a domain is stable and moves at the speed of the electrons 
in the remainder of the sample. 

The excess domain voltage is 


bp = pees d, 


and the peak field is related to the donor concentration by Poissons equation 


Ey — Ep * 
5ES (“25-*) = Noe, 


where e is the electronic charge, if the accumulation layer is very narrow. 
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So 


Ep — Ex = —— Noed. 
0 


2 
mad ee 1 Noed 


The total charge redistributed in the domain 


Q = Noed 


(per unit cross-section) 
so the static capacity 


F; 7 (per unit cross-section). 
D 


Due to the shape of the charge distribution the incremental capacity per unit 
cross-section C,. is half this figure, for 


tn 
ae 
and 2 = Noe 
es dQ & 


The energy stored in the domain 
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Fully depleted domains do not, of course occur in all samples—a large nl 
product is required for full depletion. The inclusion of diffusion affects these 
results mainly through d, the effective domain width. If this parameter is 
read from Figs. 4.11 to 4.15 the above expressions may still be used with 
reasonable accuracy. The experiments of Kuru et al.) largely confirm the 
validity of these calculations. 

It is instructive to consider the magnitudes of the quantities derived above. 
A Gunn device is commonly used as C.W. generator near 10 GHz in the 
form of an active layer of GaAs 10 jim thick with 10'° carriers/em? and a 
mobility of 6200 cm? V~! sec” ?. The resistivity is 1 Qcmwhich implies a low 
field resistance of 20 Q for a cross-section, A = 30x10~°cm?. The 
threshold voltage corresponding to 3k V/cm is 3 V and the saturation current 
is thus 0-1 A, giving 1 W dissipation at a typical working point of 10 V. 

These figures represent a very familiar “‘standard model’’ Gunn generator 
such as has been marketed since 1966. It is not a very good example to 
choose as a stable domain can hardly form, but nevertheless it is useful 
as an illustration. 

Reading from Fig. 4.15 we see that the “load line’’ for 10 kV/cm and 10 V 
is almost a horizontal straight line giving an outside field of 1:75 kV/cm and 
a domain potential of nearly 10 V. Figure 4.14 gives the accumulation layer 
width as 2:5 um and the depletion layer width as about 6 um. Figure 4.13 
indicates accumulation of about 15 times, and depletion down to less than 
20% where it is rather insensitive to changes in outside field and hence applied 
voltage. The static capacity 2e&,A/d is approximately 0-1 pF which has a 
reactance at 10 GHz of 160Q. We should expect that, since depletion is 
considerable and insensitive to field changes, C,, would be about half 
this value. Unfortunately this leaves aside the question of the formation 
time of an 8 tm domain in a 10 pm layer. The experimental results in Section 
5.5 suggest that C, , is nearer 0-1 pF in fact. The energy stored in this capacity 
would be about 5x10~!? Joules and if this were released usefully every 
cycle at 10 GHz the power developed would be 50 mW. This would not be a 
trivial power if it were usefully available, but it is unlikely to be so, as can 
be seen from the following two extreme cases. 

If the domain runs into the anode during a turning value in current, then 
the domain voltage V runs to zero and the capacity C to infinity, preserving 
the product Q = CV constant, because the charge on the trailing edge cannot 
escape until it comes into coincidence with the sharp depletion region at 
the anode contact on the final extinction of the domain (see Fig. 5.3). 

On the other hand, in the more realistic situation of the domain reaching 
the anode near a turning value in voltage when the current is free to vary, 
then the capacity, of course, still runs to infinity and the voltage to zero, 
but as the voltage drops in the domain so it must rise in the remainder 
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of the sample which is in an ohmic condition. The current therefore rises and 
the charge increases as the domain runs out, until it is extinguished when the 
accumulation region reaches the depleted region in the heavily doped anode. 
In this case the voltage goes to zero more slowly than in the steady current 
case. 
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Fic. 5.3. Field distribution and donor and carrier concentration in a Gunn device whose 
current varies little while the domain runs into the anode. 


In neither of these extreme cases is the domain discharge accompanied 
by reverse flow or diminution of flow of current in the circuit. It is not a 
capacitive discharge in the normal sense, which implies constant or slowly 
varying capacitance, and is in sharp contrast to domain formation, 
modulation, or ectinction, in the interior of the device such as occurs in the 
quenched domain mode. 

Another major contribution to the reactance of a device is the non-linearity 
of the current-voltage characteristic. In Fig. 5.6 the current and voltage 
are shown in their optimum relation, 180° out of phase. In this special case 
the reactance is assumed to be negligible. However, since the domain 
sustaining voltage is lower than the threshold voltage, the current in general 
is not symmetrical about the voltage minimim and a large quadrature 
component may flow. 


5.5 POWER OUTPUT AND EFFICIENCY 


It is clearly most important in any generator to examine the power output 
and efficiency that can be obtained. We also need to consider other properties 
such as noise, frequency stability etc., depending on the application 
envisaged. For a local oscillator, for example, the latter properties would 
be very important, whereas the power output would simply have to be 
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above minimum (say 5 mW), and the efficiency would matter hardly at all. 
In a radar transmitter, on the other hand, power output is paramount. Due 
to thermal considerations it might be limited by efficiency, and noise is 
sometimes unimportant. 

The highest efficiency that can be obtained from a generator is that 
corresponding to square wave operation with current and voltage perfectly 
out of phase, and the extremes of the waveforms at the most favourable 
points on the characteristic. Transistor circuits operating in this way can 
achieve conversion efficiences of over 90% since advantage can be taken 
of the low saturation voltage in the “on” condition and the low leakage 
current in the “off” condition. 

Most analyses of realisable situations for Gunn devices cannot be carried 
out analytically so we can do no more, in such cases, than state the results 
of numerical calculations. It is instructive, however, to start with the ideal 
square wave case and then study analytical treatments of sine wave operation 
before dealing with the more exact computed results. 

In the idealized situation of Fig. 5.4, the power output is: 


Pout = Jn” - =| : ee 2] 


for square wave generation. The sine wave power content at the fundamental 
frequency is 


The power input is 


I, +1, Vi, + V2 
io 1 oe 


so the efficiency : ef V,=V21/8 
a) at SES (ee | Pe 
vs 3 =; Li + Aled) 


Clearly it is desirable to have I, and V, as large as possible and I, and V, 
as small as possible. 

For Gunn effect devices I,/I, and V, are fixed by the properties of the 
active material used. V, is less restrained, being determined by the circuit 
and bias conditions and only limited by the breakdown field. For GaAs a 
value of about 2 for I,/I, is typical, and V, is determined by the threshold 
field of 3kV/cm. 

For these values, then, as V,-— oo the efficiency 427% if the 
fundamental sine wave component is filtered, or if the whole square wave is 
regarded as the output 

n > 33°3%. 


144 TRANSIT TIME MODES 


This is the absolute maximum efficiency for a device with I,/I, = 2, and, 
of course, for finite values of voltage, the efficiency is lower. 

While square wave operation is the most efficient way of generating some 
sort of a.c. power it is not the best way to produce fundamental power. 


— 


Current J 


id 


Voltage Y Current / 
Voltage Y= Current 7 


Time ———> Time — 


Fic. 5.4. Simple current-voltage relation Fic. 5.5. A square current waveform and 
and idealized square waveforms in a Gunn _half sinusoidal voltage as suggested by Day 
device. et al.) 


The square current and voltage waveforms contain odd harmonic com- 
ponents which are in phase and so waste power. For maximum efficiency in 
the fundamental the voltage waveform should not contain any odd harmonic 
components in phase with those of the current waveform. Such a voltage 
waveform is the half sinusoid“ of Fig. 5.5. This has only the fundamental 
and even harmonic components and has exactly the same conversion efficiency 
to the fundamental as the square waveform has to square-wave power for 


Efficiency % Efficiency % 
Square wave filtered Half sinusoid 
fundamental 


Peak=valley. “Maximum; = 
ratio l,/I, efficiency V,{/V2=00o 20 10 2 V,/Vz2=c0 20 10 2 


% — Va[Vy= 00 10 5 1 Va fV,= co 705 39 1-3 


2 33 27 25. 22: <9 33 29,9 25 7:7 
2:5 43 35 32 29° 12 43 37 32 «10 
3 50 41 37 33 «14 50 43 37 12 


60 49 44 40 16 60 51:5 45 14 
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the same bias voltage, Vj,. The peak voltage is higher however. For square 
waves the peak voltage is V, = 2Vy, — V2, whereas for the half sinusoid 
V, = 2V4, — (a — 1)V2. Ifthe breakdown field is low, this factor would mean 
that filtered square wave operation would give higher efficiency, but in good 
material with high breakdown fields the half sinusoid would be superior. 

The above table shows the efficiencies corresponding to the two modes 
of operation under various peak to valley ratios (J,/J,). 

The half sinusoid waveform requires a short circuit load at all odd 
harmonics and an open circuit load at all even harmonics—an exacting 
design problem to say the least. However, a waveform which contains only 
a second harmonic component in the appropriate phase is a reasonable 
approximation to a half sinusoid, and can give efficiencies up to about 20% 
for V,/I, up to about 8.2 

It would clearly be desirable to discover a material with as high a peak-to- 
valley ratio (J,/I,), and as high a breakdown field, as possible. The 
peak-to-valley ratio of GaAs seems to be rather more than 2:1, perhaps 
2-5: 1 from the best results so far, and the purity of the material still leaves 
much to be desired. 


5.6 LIMITATIONS ON POWER OUTPUT 


As discussed in Chapter 4, a device cannot be scaled indefinitely to give 
any desired output power. A transit time device has a limited thickness and 
therefore a limited voltage, so the power handling capacity of a single device, 
or of devices in parallel, can only be increased by raising the total current 
and thereby lowering the impedance. 

As we saw in Section 4.12, 


The limitation on transit time devices is absolutely fundamental and 
cannot be exceeded for a single device or a parallel combination of devices. 
Indeed, it cannot even be approached by quite a large factor since the 
analysis assumes 100% efficiency and square wave operation. As we saw in 
Section 5.5, the efficiency 7 can never exceed (I, — I2)/(1, + I). 

It is instructive to put in some figures for GaAs. The values are E, = 200 
kV/cm and V, = 10’ cm/sec, typically. 

So oe 
PZF? = ee 4 


= 10°y Watt . Ohm (GHz). 
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We have seen that the efficiency is unlikely much to exceed 30%, so at 
10 GHz a PZ of 3000 Watt Ohms must be about the limit for a transit time 
device. The best result known so far (1968) is 34 Watts at about 9 GHz at 
an impedance probably between 10 and 20 Ohms (5.5). This gives an 
equivalent PZ at 10 GHz of about 500 Watt Ohms which is remarkably 
good. 


Skin depth 

The limitation imposed by skin depth is mechanically annoying, but 
does not impose an absolute limit since it is in principle possible to arrange 
the geometry of the device to give large surface area. 

The field distribution due to the skin effect in a generating conductor or 
semi-conductor is exactly the same as in an absorbing one, surprising though 
this may seem at first sight.“*”? The general electromagnetic wave equation 
in a medium of conductivity o and permeability p is: 

OE @E 
VE = po = + pee) 
Lu ot Lu 0 ot? 


where & is the permitivity. 

If we consider propagation perpendicular to the plane of the surface of 
the semi-conductor, then this equation has four solutions representing de- 
caying and growing wavesf travelling in both directions. 

A decaying wave travelling into the material is the familiar solution for 
positive conductivity which gives the normal skin effect. Where the con- 
ductivity is negative, we expect a growing wave, and since it is a generator 
it must be propagating outwards, so that the energy may be available to 
the outside world rather than disappearing into the centre of the conductor. 
A decaying wave going in has exactly the same envelope as a growing wave 
coming out, so the skin depth may be calculated in the usual way as 


6 = (dwpo)?. 


In the presence of large space charge currents the skin depth is greater 
than this, by up to about five times when the displacement current is ten 
times the conduction current.‘ 

In 1Q-cm material of unit relative permeability the skin depth is approxi- 
mately 0-5 mm at 10 GHz. When designing a generator with one dimension 
small, then that dimension should be rather less than twice the skin depth 
in order that the field within the specimen be reasonably uniform. If the 
dimension is too large, any perturbations at the centre will grow so large 


+ The term ‘wave’ is used here to include also very strong growth or decay which may show 
no periodicity. 
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before they reach the surface that the field excursions will be running well 
off the negative resistance part of the J - V curve, and so no advantage 
will be gained. 


5.7 OPERATION WITH A SINE WAVE OF VOLTAGE 


We now turn to the simple analytical treatment of the power output and 
efficiency of Gunn diodes given by Warner.‘ This section and the next 
are included since these analytical studies clarify some of the ways in which 
the circuits and devices interact. They cannot be regarded as rigorous as a 
full numerical treatment may be, and some of the assumptions have since 
been shown to be incorrect. They give, nevertheless, a useful insight into 
device operation. 


Fic. 5.6. Voltage and current waveform for Gunn device. Warner.‘® (Crown Copyright, 
reproduced by permission of the Controller of Her Majesty’s Stationery Office). 


Figure 5.6 shows the voltage and current waveforms assumed. The device 
is in a high Q circuit or cavity which constrains the voltage to be a sine wave 
at the desired frequency. The voltage has a mean value V,, and swings 
below threshold, V;,, once each cycle. The current, following an I — V 
characteristic such as that of Fig. 5.4, is substantially constant, Z,, while 
the voltage is well above threshold and obeys Ohm’s law before threshold. 
It is assumed that domain formation is instantaneous and that the relation 
between the frequency of oscillation and the transit time of the sample is 
such that the domain reaches the anode at the instant when the voltage swings 
back through the threshold value. This is the time relation giving maximum 
efficiency. The effects of the domain capacity are assumed to make no 
contribution to the power output and the capacitive component of current 
is omitted in Fig. 5.6. 
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Following the notation of Fig. 5.6 it is clear that 


V,. + V sin {2x(— At/T)} = V, 


Ce eV, 
and so At = >—sin a (=>). 


Using Fourier analysis, the peak amplitude of the fundamental inphase 
component in the current through the device is 


2 p(t/2)t+at 2nt T-4e VY. V sin (2nt/T 2nt 
r=3{ faa a ee Vac + V sin (2nt/T) . 2nt 
T Jo T T Jerj2y+ae r T 


=" . 2nt 
+= I, sin —— dt 
T Jr-at T 


: (2, Ys 1,) 2nAt ae 2a | n A0t)) 
= Dee NR Te, og ee 


where r is the low-field resistance of the device. 
The output power is 


Pout = V(- 1)/2 


ned (Cap2) (HM 
= 2 V mr 


“a V oa | ney 
eae ( V le 


On differentiating with respect to V, and equating the result to zero, Py: is 


found to be greatest when V = V,,,, where 


Vout _ | ok fs 1 +“ int (“et 
2 v1 | (aki 7 V. 
om eae 
Pose 


opt 
To simplify this equation, let sin~? {(Va. — Vi) Veo} = 98. 


tan 0 4 
Hence ———-———- + 9 = — 
2{(Vael Vi) — 1} 2 


for I, = 2I,. Fig. 5.7 shows how 6 varies with V,,/V,. 
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It follows that 


Ve 1 Vac )( Vac 1 
= — = g-—- —_——— 7 
Pout r 2nxsin@ ( V, : V, at 2cos 8 


(V3-/V.)—1 
Vig= Vee 
ee ga 
si I Ee (= cos 8 : ) 
oe r V, 2cos6 }° 


The average value of the supply current is 


(T/2)+At T-t $V, 4 Vsin (22t/T T 
=e (| 1,dt +| Neo Ven Ce) +| 1.1) 
( r 


Ty T/2)+At T~At 
1 4p Vie { T VT Sy 
=— (J j— A —( — — 2Ar) — — 
7 {lo + 241) + (5 ee eos T 


Zale @ | 1 Vac 0 Va 1 Ve co48) 
4 2n 2° 'V; a V, x V, 


The efficiency 4 is Pyy/VacLay, and it follows that 


1 Vac Vac 1 ) 
= ee ea ore 
scava V, 1) ( V, oa 2cos 6 


Vac 1 0 1 Va. 6 Vac 1 Vac ) 
oe Spee ede Ot ec gee e ate a eg 
Hlatatre xz Vv, = ( me 


y= 


Figure 5.7 shows how y varies with V,,/V,. It is seen that the efficiency reaches 
a maximum value of 7:2% when V,,/V, = 1:9. 
The circuit oscillation frequency 


Teas ae 1/T 


and the domain transit time frequency 


so it is clear that 
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Fic. 5.7. Efficiency and 6 as functions of V,,/V,.“2 (Crown Copyright, reproduced by 
permission of the controller of Her Majesty’s Stationery Office). 
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Fic. 5.8. Theoretical results as functions of V4,/V,. (Crown Copyright, reproduced by 
permission of the Controller of Her Majesty’s Stationery Office). 
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and hence 
2n 


n + 260 Jose 


S denatn = 


The results of the analysis are shown in Fig. 5.8. For the optimum efficiency 
of 72% we have Va, = 1:9V, 


Rope = 8°6r 
and foomain = 128 fren: 


The main weaknesses of this simple treatment are that instantaneous 
domain formation followed by uniform current is only likely in long samples 
at low frequency (~ 1 GHz) under high bias. At 10 GHz or so the domain 
formation time is likely to be appreciable and should improve the efficiency. 
Some experiments with domain modes since the paper was written indicate 
that the field does not always swing below threshold. 

Nevertheless the analysis remains an excellent illustration of the working 
of a Gunn device in a circuit and emphasizes that low efficiency must be 
expected unless special steps are taken to shape the waveforms. 


5.8 OPERATION WITH A SINE WAVE OF CURRENT 


One approach which has been suggested by Carroll is interesting because 
he suggests a current drive rather than the voltage drive favoured by most 
authors. 

If the circuit presents high impedence at all harmonic frequencies the 
current through the device must be approximately sinusoidal. The analysis 
is based on this assumption. 

Figure 5.9 illustrates a steady sine wave of current through the device and 
the corresponding voltage waveforms. Clearly the voltage which has greatest 
out-of-phase magnitude (corresponding to maximum power generation) and 
gives least mean power input, is one which is zero everywhere, except for a 
delta function at the time when the current is minimum. This, of course, is 
not realisable. There must be a background voltage V, greater than threshold 
to hold the device in its negative resistance region and an infinite spike of 
voltage is impossible. However a large hump of voltage occupying rather less 
than half the cycle (x — 0-4) can be realizable and should give good results. 

A domain is initiated at time t = 0 (.*. at = 0) when the current is maxi- 
mum and starts to grow and propagate through the device. The growth 
however, is inhibited so that the domain voltage remains at the low level V,. 
The inhibition results from the shape of the device which fans out rapidly 
from the cathode contact and then tapers gently in, and ensures that the 
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current J, defined as the product of domain drift velocity, carrier concentra- 
tion and cross-sectional area exactly follows the sinusoidal driving current I 
so that the domain cannot accumulate charge. (see Fig. 5.10). 

At a time given by wt = @p the domain reaches the point on the device 
where the cross-section is abruptly reduced. J — J, is thus abruptly increased 
and the domain charges up rapidly, generating the hump of voltage in 
Fig. 5.9. 
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Fic. 5.9. Current and voltage waveforms for high efficiency operation of a current driven 
Gunn device. Carroll.“ 


At time wt = 2 — 0, the domain reaches the point where the device cross- 
section begins to increase rapidly so that I — I, becomes large and negative, 
discharging the domain by the time the device current J again reaches 
threshold at the cathode. The restriction on the magnitude of the voltage 
hump is dictated by the necessity to make the cross-section at the cathode the 
smallest in the device, so that the current density there is greatest, and the 
domain initiates infallibly at the cathode and not at the constriction. 
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This analysis predicts for a peak to valley ratio of 2, an efficiency for 
fundamental sine wave power of 25% for 0) = x/2 and 27% for 0) = 2/2—0-2 
which is exactly the value given by the 8/z2 (2 — 1)/(2 + 1) of the square 
wave analysis. 
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Fic. 5.10. “Domain” current J, = pAv, and device current Jas a function of time resulting 
from the shape of the device shown. The domain charging current is J — J,. The cross- 
sectional area at the cathode is the smallest on the device. Carroll. 


This analysis is approximate in a number of ways, particularly as regards 
domain readjustment, but serves to illustrate an alternative approach to the 
problem, and highlights the importance of geometrical, or more commonly 
electrical, non-uniformities in a device. The shaping has been discussed in 
terms of the geometrical shape of a uniform conductivity device. It could as 
well have been a profile of doping in a uniform geometry. Doping non- 
uniformities are all too common in presently available GaAs and it is clearly 
important that they should be correct rather than random or systematically 
wrong. 


5.9 NUMERICAL ANALYSIS OF A DOMAIN MODE 


We now turn to an “exact” study of the operation of a domain mode 
generator necessarily made by computer, by Copeland.“ The word “exact” 
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is placed in inverted commas, partly because the circuit used in the analysis 
is very difficult to realise at microwave frequencies, due to the effects of 
stray capacity and inductance, and more fundamentally because experiments 
with short samples, such as 10 jtm appropriate to 10 GHz, show qualitative 
as well as quantitative differences from the theory. 

Figure 5.11 shows the L.C.R. circuit and the Gunn diode as treated by 
the program. The circuit equations and those for current continuity, 
Poisson’s equation, and a velocity/field characteristic in the device, form a 
set of partial differential equations with two independent variables, time and 
distance. The device is assumed to be one dimensional, and field dependent 
diffusion is given by Fig. 5.12. The velocity—field characteristic used in the 
original work was similar to that of McCumber and Chynoweth.“? 


D.C. Bias 


ji! 


Bulk f& 
diode (load) 


Fic. 5.11. Circuit used for computer study of Gunn diode. Copeland.” 


The analysis is performed by dividing the sample into small cells of distance 
and calculating in small steps the time variation in each cell of the various 
quantities. It is a long calculation and precautions must be taken to ensure 
that it is mathematically stable. The technique is fully described in the 
appendix on computer simulation. 

Figure 5.14 shows the efficiency and output power as a function of bias 
voltage for three values of load resistance, expressed as a multiples of the 
ohmic low field resistance of the diode Rg. This figure is from the original 
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Fic. 5.12. Diffusion coefficient as a function of electric field. Copeland.“ 
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work and is based on the velocity—field characteristic of McCumber and 
Chynoweth. Results based on Butcher and Fawcett’s characteristic“ 
would be slightly different. 

The optimum efficiency was calculated as a function of doping x length 
product No/ (Fig. 5.15) and a mode chart was drawn which describes 
the LSA mode and the Gunn mode (Fig. 5.15). It was an admirable illus- 
tration of the power of computer techniques that the L.S.A. mode was 
predicted in this way before its existence was suspected experimentally (see 
Chapter 6). The predicted power as a function of frequency is shown in 
Fig. 5.17. 

It is significant in these results that the efficiency peaks at quite low values 
of bias voltage (two and three times threshold at 10 GHz) and power output 


15 


(cm/s) 


6 
fo) 


Velocity x 10 
) 


(e) 10 20 30 40 50 
Electric field kV/cm 


Fic. 5.13. Velocity field characteristics as used by Copeland.” 
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Fic. 5.14. Output power and efficiency as functions of bias voltage Copeland.“ Based on 
the McCumber and Chynoweth characteristic. 
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either peaks or saturates at only slightly higher values. It is found experi- 
mentally in pulsed work, however, that both power output and efficiency 
generally increase monotonically with bias voltage up to breakdown which 
can be 10 to 12 times threshold. Certainly, the circuit used in practice will 
not approximate to a parallel L.C.R. combination, but will be a complicated 
network of stray reactances; probably most nearly represented by an L.C.R. 
circuit connected to the device bya series inductance. Such a circuit has been 
described‘* at frequencies around 1 GHz as giving nearly 20% efficiency. 


FL =I-lxlO'm/s 
R= 30 Ry 
WL =8 kV/cm 
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Fic. 5.15. Efficiency as a function of N/ product. Copeland.” 
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Fic. 5.16. Mode chart showing the first prediction of the LSA mode. Copeland.“ 
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Apart from the difficulty of realising a parallel L.C.R. circuit in practice 
it must also be borne in mind that the results at frequencies above about 
8 GHz are taken from samples in which, usually, the domain is an appreciable 
fraction of the transit length. This fact certainly was not taken into account 
in the treatments of Warner and Carroll, although in the computer pro- 
grams it presents no problems. 


Power xload impedance (watt - ohms) 
I 
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Fic. 5.17. Power and frequency prediction. Copeland.” 


5.10 CONTINUOUS WAVE OPERATION 


Low power continuous wave operation of domain transit mode Gunn devices 
is the most thoroughly exploited and strikingly successful application of 
solid state microwave generation so far. Devices suitable for local oscillator 
use from 8-12 GHz were first marketed by the Mullard organization in 1966, 
and all the major firms now produce several types in quantity. 

A suitable specification for such a local oscillator is discussed fully in 
Chapter 10. Here we simply note the power requirement of 5 to 20mW. 
This was the target of many of the early workers in the field because the 
thickness required at this frequency (10,1m) allowed reasonable heat con- 
duction from the centre of a device, and was available by epitaxial growth 
techniques, which also yielded purer GaAs than bulk methods. Most 
important, of course, was the comparatively large development potential 
for compact local oscillators for portable and airborne equipment. 

The choice of material parameters is given first by the transit length 
requirement of approximately 10,1m at 10 GHz. The resistivity should be 
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as high as possible so that the heat dissipation can be spread through a large 
volume, but must not violate the limitation on N/ product of about 
10'1cm~?, so one arrives at about one ohm-cm for GaAs with a mobility 
6000cm? V~'sec™! or greater. There remains the device area, which 
depends largely on the adequacy of the heat transmission path. Most 
devices rely on heat flow diverging radially from the contact into the much 
larger cross-section of the adjacent heat sink. 

Early laboratory devices had heat sinks applied to both sides of the active 
layer as shown in Fig. 5.18. The GaAs die was soldered to a molybdenum 
header, which most nearly matches the thermal expansion, and contact 
was made to the 10 11m epitaxial layer by an alloyed tin dot or blob against 
which, in turn, was pressed a spring loaded copper plunger. The heat was 
generated in the active region which was almost entirely surrounded by heat 
sink paths. Such a structure dissipated 2-3 watts without exceeding 200°C, 
which is near the limit for reliable operation. This structure, however, is 
very difficult to encapsulate hermetically and the tin dot contact had a 
short life. Modern devices have an evaporated silver tin contact to which a 
thin (50 1m diameter) gold wire is bonded. This removes almost no heat and 
such structures can safely dissipate little more than | watt, through the sub- 
strate. More recently, techniques for bonding the device with its epitaxial 
layer adjacent to a copper heat sink have been devised. This greatly 
improves the heat dissipation as described in Chapter 10. 
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Fic. 5.18. Early design of a C. W. Gunn diode for operation near 10 GHz. The arrows 
indicate the heat flow paths. The heat is generated in the active region, shown shaded. 


These considerations, then, determine the power input and for a given 
operating voltage the design is completely specified. There is some freedom 
in the choice of operating voltage. It must be reasonably well above threshold 
(ideally 3 to 4 volts) but too high a value would imply a high power 
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dissipation, due to the difficulty in making GaAs much above 1 Q-cm. 
After making allowance for contact resistance, most devices have terminal 
operating points at between 7 and 17 volts. 

These devices, operating in small coaxial (or other) cavities, typically 
give outputs of 5 to 40mW from about 8 to 12 GHz, and comparable 
powers up to about 18 GHz are obtained from rather thinner layers. 
Hobson‘!*) found that the bias voltage V,, at which maximum power was 
obtained, was frequently dependent and that approximately 


J Vz = constant ~ 70 to 120 GHz V. 


The constant is different for different devices, in the range stated. The most 
likely explanation of the Hobson peak is the temperature dependence of 
domain velocity, which is expected to decrease with increasing temperature, 
so that a reduced bias voltage would give a reduced temperature and a higher 
velocity, approprigte to a higher frequency. The peak is not observed under 
pulsed low duty cycle operation. 
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Fic. 5.19. Equivalent circuit of C. W. Gunn diode. Hobson.“'® (Crown Copyright, reproduced 
by permission of the controller of Her Majesty's Stationery Office). 


5.11 EQUIVALENT CIRCUIT 


The equivalent circuit of C. W. Gunn diodes has been established by 
Hobson using standing wave techniques under both small and large 
signal conditions at frequencies from 10 to 15 GHz. 
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Fic. 5.20. Variation of domain capacity C p with bias voltage. Hobson.“ (Crown Copyright, 
reproduced by permission of the controller of Her Majesty's Stationery Office). 


160 TRANSIT TIME MODES 


Figure 5.19 shows the equivalent circuit for an unencapsulated device 
and Figs 5.20 and 5.21 show the variation of the parameters with bias 
voltage for 10 1m samples of about 1-cm GaAs and area 100 1m square. 

Cp and 1/G are the active components in the circuit. Cp is the domain 
capacity, typically 0-3 pF or so at the operating point, and G the negative 
conductance or power generating part of the circuit. Usually 1/G ~ — 500 
ohms. The components C and R represent the dielectric relaxation time and 
low field resistance of the major part of the sample which is ohmic. R is 
about 10 ohms and C about 0:1 pF. 

The domain capacity, which is the average over an R.F. cycle, should not 
be identical to the steady state values calculated in Section 2. They should 
of course be of the same order and indeed the agreement is not unreasonable. 


X Microwave conduct 


— D.C. Slope conduct 


Bias (volts) 


Fic. 5.21. Variation of Microwave conductance and D.C. slope conductance with bias 
voltage. Hobson."'* (Crown Copyright, reproduced by permission of the controller of Her 
Majesty's Stationery Office). 


5.12 CONTINUOUS WAVE RESULTS 


We have discussed above the operation of the oscillators mainly for the 
frequency band 8-12 GHz where most development has been carried out. 
The performance has been successfully extended to about 18 GHz by 
appropriate scaling and such devices were also soon on the market. Higher 
frequencies still, up to say 40 GHz are less easily obtained from transit mode 
devices due to the difficulty of making and operating very thin (2—3 1m) 
samples. However, the stringent requirements which the L.S.A. mode places 
on uniformity of material are even more difficult to meet and greater produc- 
tion success has so far attended transit mode devices even at these frequencies. 
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While at frequencies below 8 GHz the thickness of the sample begins to make 
heat dissipation from its centre difficult, C.W. operation as low as 2 GHz has 
been observed. 

Figure 5.22 shows some of the production results from C. W. devices. 


Frequency Power mW Efficiency % 
GHz ( (up to) 


up to) 
3-8 200 5. 
8-12 300 4 
le- 18 80 6 
26-40 10 | 


Fic. 5.22. Typical continuous wave performance. Transit length Gunn devices listed in the 
table were in production or development at several firms in U.K. and U.S.A. in 1969. 
Laboratory records are, of course, higher. 


5.13 PULSED OPERATION AND HYBRID MODES 


The design of small! pulsed transit mode devices, from 1 to 18 GHz, is in 
some ways simpler than that of C.W. devices due to the absence of thermal 
restrictions at low duty cycles. We centre our discussion around 10-15 GHz 
and bear in mind that the parameters may be scaled to cover the wider 
frequency range. 

The designer is generally concerned to achieve the highest output power 
possible, with good efficiency. 

The thickness again is decided by the transit time requirement and the 
area and resistivity together determine the impedance, which will usually 
be as low as can be handled by the microwave circuit and driving pulse 
generator. A low field resistance of 1 Q is acceptable, which implies a working 
point value of about 15. The area and resistivity can be traded against 
each other to some extent, but of course, the n/ product must still be larger 
than 101!, whereas if it is much greater than about 3x 10!3 the domains 
may generate such large electric flelds that avalanche will occur. At 10 GHz 
then, we arrive at a device 10 jum thick of 0-32 Q-cm GaAs and a contact 
area of about 200 jim diameter, typically. 

It is difficult to ascertain the equivalent circuit of such devices because 
pulsed operation places restrictions on the type of measurement made in the 
C.W. case. 

It is clear, moreover, that the stable domain theory cannot apply, Fig. 6 to 
101m devices are commonly biassed to 30 to 70kV/cm, 10 to 20 times 
threshold, and a glance at the stable domain curves (Figs 4.10 to 4.15) shows 
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that a stable domain with a potential of 30 V or so would be about twice 
as wide as the device. A similar argument can be based on domain for- 
mation time as calculated by Copeland.“ The mode chart (Fig. 4.20) shows 
that the device we have described is in the overlap region between L.S.A. 
and domain modes, so that the choice made is determined by the circuit and 
bias conditions. It is to be expected that a hybrid model should be 
appropriate. 

No Hobson peak has been observed for pulsed operation, and power and 
efficiency are usually observed to increase monotonically with bias voltage 
until breakdown occurs. This behaviour can be readily studied using a 
charge limited pulse generator, such as a switched delay line and Fig. 5.23 
shows a current-voltage characteristic taken right through into the avalanche 
region.“1>) 


Current (amps) 


0 0 20 30 
Voltage ————> 


Fic. 5.23. Characteristic for a 10 #m Gunn device under pulsed operation, extended into 
the breakdown region.“ (Crown Copyright, reproduced by permission of the Controller of 
He Majesty's Stationery Office). 


The absence of a peak in output as predicted by Warner and Copeland is 
some further evidence of a different mode, but it may also be important that 
practical circuits probably approximate to that of Fig. 5.24 with a series 
inductance, rather than the parallel L.C.R. circuits of these theories. The 
circuits cannot be transformed from one to the other since it is known 
that the waveforms are harmonically rich and do not approximate to single 
frequency sine waves. 

Thorough analysis of such a circuit must be made under large signal 
conditions by computer. We can here attempt some qualitative remarks 
illustrated by Fig. 5.25. The upper waveform is the voltage V, of Fig. 5.24, 
the second is the voltage V, and the third is the current. 

The voltage V, is assumed to be nearly sinusoidal as determined by the 
L.C.R. combination. The effect of the series inductance is to apply a sharp 
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step of voltage whenever the current changes rapidly, and in conjunction 
with a negative resistance this does not have a stabilizing effect, but rather 
speeds up the transition through the threshold of the Gunn device. The 
addition of these sharp steps will lead to the rather sawtooth waveform V, 
and double humping is possible. The current will be very nearly a square 
wave as the positive going transition will be very rapid, due to the voltage 
step, and there will be little time for domain formation before the zero 
differential conductivity part of the Gunn characteristic is reached. As 
the voltage drops once more through the high differential conductivity region 
domain formation will again be inhibited since it would require a rise in 
current to charge the domaincapacity. This willreact on the series inductance 
producing a rapid collapse of voltage across the Gunn device, stabilizing 
once the positive resistance below threshold is reached. 

These qualitative arguments imply that a greater degree of domain control 
may be achieved than would be expected from predictions based solely on 


Fic. 5.24. Parallel L.C.R. circuit connected to Gunn diode by a series inductance. 
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Fic. 5.25. Voltage and current waveforms suggested for the circuit of Fig. 2.24. (1) Smooth 

falling curve until current starts to rise; (2) Sharper drop to Vy while current rises; 

(3) Change to gentler fall below V;; (4) Lowest point above lowest current point; 
(5) Crosses V; at same time as current is greatest. 
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fundamental n/f values, since the transitions are governed by the harmonic 
frequencies introduced by the series inductance. The detailed behaviour 
has not been studied experimentally but Day“ has used a series inductance 
to reach an efficiency of 20% at 1 GHz. The method leads to the generation 
of very high voltages, and places more severe demands on the material than 
simple sine wave operation. In these cases domain control has not been as 
complete as in L.S.A., and the frequency is still related to the transit time. 
Presumably, however, a series inductance could be used to extend the range 
of L.S.A. operation. 

Bott and Fawcett“'® have made an analysis of Gunn diode behaviour at 
n/ f values in the border region between L.S.A. and domain modes, and found 
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Fic. 5.26. Theoretical time dependence of current and electric field in a hybrid mode. 
Bott and Fawcett.® 
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that a hybrid operation was possible under large bias and r.f. voltages. The 
domain grows only while the voltage passes through the steep negative 
resistance region of the [—-V characteristic and does not grow at the peak of 
the r.f. cycle. This is shown in Fig. 5.25 where the two rapid increases in 
domain field are clearly separated. The dependance of this behaviour on r-f. 
swing is shown dramatically in Fig. 5.27 which shows the build up of the rf. 
oscillation from zero, first as a large amplitude domain mode, and followed 
by a transition to the immature domains of a hybrid. It is seen that the field 
outside the domain is above threshold for most of each cycle after the 
transition, but is mostly below threshold initially. 

It is striking, however, that neither this analysis nor a similar model of 
Huang and Mackenzie‘* predict the monotonic rise of power and efficiency 
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Fic. 5.27. Theoretical growth of microwave output showing a sharp transition from a 
domain to a hybrid mode. Bott and Fawcett.“®© (Crown Copyright, reproduced by 
permission of the controller of Her Majesty’s Stationery Office). 
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with bias field up to 20 E, which is the experience of Bass and Edridge“”, 
Califano“® and the authors. It may also be noted that these comparatively 
high power results, including that of Huang and Mackenzie, were obtained 
in transit time samples. The effect of n/ control on domain formation (a 
stable domain would be larger than the device at these bias levels) is one 
possibility which was neglected. The analysis did not include field dependent 
diffusion, which would enlarge domains to about 20 pm from the 7 pm or so 
of a simple domain theory. 

The use of simplified circuits in the models may also be important as 
most experimental circuits have appreciable series inductance. These 
suggestions are, of course, speculative at the moment as the problem is not 
fully understood. 


5.14 RIsE TIME 


One of the appealing features of pulsed operation is the remarkably rapid 
rise times which can be achieved: Figure 5.28 is a photograph of a sampling 
oscilloscope display of the build-up of microwave power at 14 GHz from 
a 6um Gunn diode in a waveguide mount. The rise time is about | ns, 
or some 14 cycles at the microwave frequency.'!® This performance is 
in sharp contrast to most vacuum tube devices where the oscillation must 


Fic. 5.28. Sampling oscilloscope display of a sharp 14 GHz pulse of 1:6 watts peak power 
from a 6 wm Gunn diode. The time graticule is 1 ns per division. (Crown Copyright, 
reproduced by permission of the Controller of Her Majesty's Stationery Office). 
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not be made to build too rapidly if the correct mode is to be generated. 
The essential reasons for this difference is that the Gunn devices are much 
smaller than the wavelength, they do not rely on setting up an internal 
travelling wave synchronism in order to generate power, and they are low 
impedance devices which work well in low Q circuits. Hence the stored energy 
in the r.f. field is not large. 

Sometimes, however, a delay may be observed between the rise of the 
driving pulse and the rise of the microwave power, which can be some tens 
of nanoseconds, and exceptionally even seconds. Experimentally it is 
observed that at least two time constants are involved, as the actual rise, when 
it does occur, is still only a few nanoseconds. This may be interpreted in 
terms of a weak small signal instability which has to build up to some 
threshold before the stronger large signal instability is obtained. In good 
samples either the large signal instability extends down to low level 
or the small signal instability is strong enough to give a rapid transition. 
The very long delays of up to a second or so, which may be observed, for 
example, as a delay in the switching on of some C.W. samples, can only be 
explained by suggesting that the above instabilities are temperature de- 
pendent, as the delay is unreasonably long to be solely an electrical effect. 

The cause of the difference between “‘good”’ samples and those which 
show a delay is not definitely known, but is presumable related to the effective 
slope of the negative resistance characteristic in relation to the microwave 
circuit impedance. This is influenced by material quality and series contact 
resistance. 

To summarize this section, the table of Fig. 5.29 shows the production 
performance of some pulsed transit mode Gunn Diodes. 


Efficiency 
Frequency & 
(GHz) (up to) 


Fic, 5.29. Typical pulsed performance. Transit length Gunn devices listed in the table were 
in production or development at several firms in U.K. and U.S.A. in 1969. Laboratory 
records are, of course, higher. 
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Chapter 6 


L.S.A. and Non-Transit (Overlength) Modes 


6.1 INTRODUCTION 


Chapter 5 describes modes of operation of transferred electron devices in- 
volving the transit time of space charge through the entire device. Modes in 
which this time is not the frequency controller are described in the following 
sections. The three modes in which different degrees of space charge control 
are exercised are the Limited Space Charge Accumulation mode, the Quenched 
Domain mode and an intermediate mode, the Hybrid mode. 


6.2 THE LIMITED SPACE CHARGE ACCUMULATION (L.S.A.) MODE 


The objective with the L.S.A. mode of operation is to directly utilize the 
negative differential resistance of the velocity—field characteristic in order to 
convert d.c. power to r.f. oscillatory power. This process is in direct contrast 
to the “switching” mode of power conversion utilized in domain oscillators. 

Initially it will be assumed that we have a gallium arsenide device which 
remains electrically uniform so that its current-voltage relationship is given 
directly by the velocity—field characteristic. The device is mounted within 
a resonant circuit which causes the impression of a sinusoidal voltage wave- 
form on the d.c. bias (Fig. 6.1). The current waveform which results for a 
biasing voltage greater than threshold is illustrated in Fig. 6.2 for four values 
of the amplitude of the r.f. voltage. The current waveform is clearly in anti- 
phase with the r.f. voltage waveform for the smaller amplitudes of the latter, 
but the larger current dip, coincident with the voltage minimum in the positive 
resistance part of the current-voltage relationship, causes the fundamental 
frequency component of the current to be in phase with the voltage for the 
latter’s largest value. The negative resistance of the device for small rf. 
voltage amplitudes has become a positive resistance. 

Fourier analysis of the current waveform using the analytic version of 
the velocity—-field characteristic of Fig. 6.1 shows that the dynamic resistance 
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of the device at the fundamental frequency has the form of Fig. 6.3. This 
dynamic negative resistance should not be confused with the negative differ- 
ential resistance of the velocity—field characteristic. The dashed section of 
this curve will subsequently be shown to be unattainable. It can be seen that 
R becomes positive when the r.f. voltage amplitude becomes comparable 
with the steady biasing voltage. In order that the device can operate under 
steady conditions the positive resistance reflected to the device terminals 
through the tuned circuit must be equal to R. If the tuned circuit is represented 
by the simple parallel form of Fig. 6.4 with a parallel load resistance R, 


Current ——»> 
v 


Voltage ——>— 


Fic. 6.1. Current—-voltage characteristic for an ideally uniform L.S.A. device; and the d.c. 
plus r.f. voltages superimposed upon the device. 


Voltage 


Current 


Fic. 6.2. Current and voltage waveforms for idealized L.S.A. oscillation. Abscissa is time. 
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then 
R, = R. 


If this resistance match does not exist, and the operation is on that part of 
the negative resitance characteristic of Fig. 6.3 where the modulus of R 
increases with increasing r.f. voltage amplitude, then the r.f. voltage ampli- 
tude will grow or decay, as required, until the resistance match occurs 
providing that the load resistance is not less than R,,jn- This is a stabilising 
action that must occur in all useful oscillators. The power generated by the 
device, P,.,, is Vo?/2R,. This can be calculated from the results of Fig. 6.3 or 
directly from the product of the fundamental Fourier antiphase components 
of current and voltage from the waveforms of Fig. 6.2. The d.c. power, Pg... 
dissipated in the device may also be obtained from the product of the mean 
~ values of the current and voltage, and the form of the resulting power con- 
version efficiency, P,,-/Py.,, is illustrated in Fig. 6.5. As the rf. voltage 
amplitude increases, the efficiency initially increases owing to the increase 
of r.f. current and voltage amplitudes. It reaches a maximum when the mini- 
mum voltage, Vz, — Vo, across the device is a little less than the threshold 
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Fic. 6.3. Device resistance, R, at the fundamental frequency“ normalized by the low field 
positive resistance, Ro, versus r.f. electric field amplitude. The bias electric field is 10 kV/cm. 
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Fia. 6.4. Equivalent lumped circuit of the resonant circuit containing the oscillating device. 
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voltage and then decreases as the r.f. current amplitude decreases due to the 
effect illustrated in Fig. 6.2. (iv). The minimum value of R occurs when the 
r.f. voltage amplitude is slightly less than that required for the efficiency 
optimization. The maximum value of the efficiency depends directly on the 
peak/valley ratio of the static characteristic because this sets the limit to 
the peak—peak r.f. current. This point will be referred to in later discussions 
of the optimum form of the static characteristic for L.S.A. operation. The 
maximum efficiency in Fig. 6.5. depends on the bias voltage. It’s variation 
is shown in Fig. 6.6 where the initial optimized efficiency increase arises 
from the larger r.f. voltage amplitude accompanying the increased bias 
voltage. The decrease of optimized efficiency at the highest bias arises from a 
decrease of the fundamental r.f. current owing to the more rapid voltage 
change through the region just above threshold. This effect is illustrated in 
Fig. 6.7. 

The above introductory treatment assumed electrical uniformity within 
the device. However, when the electric field is within the negative differential 
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Fic. 6.5. Efficiency as a function of r.f. electric field amplitude“ Bias field =10kV/cm. 
There is an implicit assumption that space charge is controlled so that the optimum efficiency 
is achieved for any given set of conditions. 
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Fic 6.6. Optimized efficiency (the maximum in Fig. 6.5) versus biasing electric field. 
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resistance region, space charge growth occurs (see Chapter 4) with the for- 
mation of electric field non-uniformities and, ultimately, domains. In these 
circumstances the device current-voltage characteristic is time varying; it 
does not follow the form of the static velocity—field characteristic and transit 
time effects may be important. A treatment such as that given for the domain 
modes of Chapter 5 or later in this Chapter may be more appropriate than 
the above discussion. 
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Fic. 6.7. Illustration of decrease of fundamental r.f. current amplitude at high bias due to 
larger rate of charge of electric field near threshold. 


In order to control the space charge accumulation and utilize the L.S.A. 
mode it is necessary for the r.f. voltage across the device to “swing” below 
threshold into the positive resistance region of the current-voltage charac- 
teristic. The frequency of operation and the amplitude of the r.f. voltage 
must be such that the following conditions are met: 


(i) There must not be any appreciable accumulation of space charge 
during that part of the oscillation when the voltage across the device is 
greater than threshold. This is necessary to preserve the electrical unifor- 
mity and thereby the required current-voltage characteristic. 


(ii) Any incipient space charge non-uniformities must be completely 
damped out when the voltage across the device is less than threshold. 
This is necessary to avoid space charge accumulation over many cycles of 


oscillation. The small signal growth of space charge is described by (Chapter 
4) 


Pp = poexp{ — OE jt (6.1) 
&Eo 


p is the net space charge density with value py at time ¢ = 0. dv/0E is the 
slope of the velocity-field characteristic at the existing electric field. Below 
threshold dv/0E is positive so that the space charge exponentially decays but 
above threshold dv/0E is negative so that exponential space charge growth 
occurs. In the earlier discussion of this section the electric field was time 
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varying so that the instantaneous value of d6v/0E must be used in Eqn (6.1). 
The space charge, 9, existing in the device after time ¢, spent in the negative 
differential mobility region (see Fig. 6.1) is the infinite product of infinite- 
simal amounts of growth with varying growth rates (depending on the time 
variation of the electric field as implied by Eqn (6.1)). Because ofthe exponen- 
tial form of the growth this simplifies to: 


Pn ne ft» ( dv ) } 
— = exp | — — —) dt 6.2 
Po e | €€o I OE} 2) 
(v/GE), indicates that this quantity is time varying through the time depen- 
dence of the electric field in the device. 
Applying the same considerations to the space charge damping during the 


positive differential resistance excursion from ¢, to T (T is the period of 
oscillation), the final space charge pr is given by: 


Be eh ee =) | 

ee | £Ep ‘i (= ye eo 
The exponent, g, of Eqns (6.2) and (6.3) may be expressed in one of two 
more convenient forms: 


T 1 #1 fT / dv 
=—.—.— — | dt 6.4 
? De Up ds ie ( ) ( ) 
ne 1 ft» / dv 
San —) dt f 
_ ner aes & dhe (= ) (8) 


T, and yp, are, respectively, the low field dielectric relaxation time and mo- 
bility and n/f=1000 x T/T,seccm™* for pu, = 6875 cm?/V sec. 64 is a 
more convenient form for later considerations of the optimum form of the 
velocity-field characteristic, while (6.5) is more convenient for practical con- 
siderations owing to the direct use of the practical device quantities n and f- 

In either case the growth or decay exponent depends on the product of a 
term involving electron density and frequency with an averaged mobility 
(averaging performed by the electric field excursion). The form of the vari- 
ation of g with electric field amplitude using the same parameters as in 
Figs 6.3 and 6.5 is illustrated in Fig. 6.8. The static characteristic’ to deter- 
mine (0v/GE), is similar to the Butcher and Fawcett form with a low field 
mobility of 6875 cm?/V sec n/f = 5x 10* seccm™* (T/T, = 50). n/f or T/T, 
may be treated as scaling factors on the curves of Fig. 6.8. The important point 
to note from these curves is the strong influence of the steep negative slope of 
the velocity—field characteristic just above threshold. In order to hold the 
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space charge growth as small as possible it is necessary for the electric field 
to pass through this “critical” region as rapidly as possible. This is achieved 
with an r.f. electric field whose amplitude is large enough to place the turning 
point of the waveform as far below the critical region as possible and a 
biasing electric field which is large so that the rate of change of electric 
field is as large as possible in the critical region. Unfortunately both of these 
effects are limited by the reduction of efficiency that they can cause. 
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Fic. 6.8. Exponents of space charge growth, g,, and decay, g,, versus r.f. electric field 
amplitude n/f = 5 x 10* sec cm~3 (7/7, = 50) Bias field = 10 kV/cm. 


Apparently, the space charge growth limitation (ii) is met for an rf. 
amplitude greater than E,. Limitation (i) will then be met simply by reducing 
the electron density (increasing T,) until the growth of space charge per cycle 
is less than the ratio of the upper limit for the onset of large signal distortions 
of the electric field (order of magnitude about 10% space charge non-unifor- 
mity over a few Debye lengths) to the initial space charge non-uniformities 
In ideally pure and uniform material the starting point of growth is the 
random thermal fluctuations of the electron density and the random static 
fluctuations in the donor density. In this case a growth of e° to e’ is allow- 
able. In real materials the bulk doping inhomogeneities will set a lower limit 
to the allowable growth by providing a starting point® as is illustrated in 
Fig. 6.9. The solid line illustrates the non-uniform doping density. If the 
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random motion of electrons is neglected and they are considered as a continu- 
ous “‘sea’’ of charge, then, in the absence of an electric field, the electron 
density profile would be the same as the doping profile to ensure charge neu- 
trality. On application of an electric field the electrons would drift from 
cathode to anode and shift their profile, as shown by the dotted line. In a 
positive resistance medium the resulting space charge would be readjusted 
towards neutrality. In a negative differential resistance medium, this space 
charge grows so that the doping inhomogeneity forms the effective space 
charge profile from which growth occurs. 


n Displaced by drift 


Cathode Anode 


Fic. 6.9. Illustration of space charge arising from inhomogeneity. 


The simple considerations of the last paragraph have neglected the layer 
of accumulated charge that is injected into the device at the electric field 
peak of each cycle (see Chapter 4). This is a mature large signal non-uni- 
formity at the time of injection with peak space charge, p,,,., given approxi- 
mately by“: 

Pace = £o(Ep + Eo) (6.6) 


The process of accumulation layer formation is illustrated in Fig. 6.10. 
A particularly simple example is chosen, A step function of voltage greater 
than threshold is applied to a device which is uniformly doped except for a 
highly doped contact. Only the cathode region is considered. Just after the 
field is applied the electron and donor densities and the electric field distribu- 
tion are as shown in Fig. 6.10a. Bearing in mind the velocity—field characteristic 
shown in Fig. 6.10c the maximum electron drift velocity will occur at point A. 
These faster electrons “overtake” electrons drifting away from the cathode 
and on the anode side of A, so that an increased accumulation occurs at a 
point somewhere in front of A. However, this accumulation runs into a 
higher field, lower velocity region towards the maximum value of E. In order 
to maintain current continuity and simultaneously satisfy Poisson’s equation 
the following events occur. The electric field at B (Fig. 6.10b) falls, so contri- 
buting a negative displacement current (in a region of high electron velocity). 
Additionally the space charge, (” — ng), falls at B so that the particle current is 
also reduced. At point C the electric field rises to maintain the total device 
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voltage constant, and causes a positive displacement current which partly 
compensates the reducing particle current as the accumulation layer runs 
into the high field region. The result is that the accumulation layer ‘“‘breaks 
away’ from the cathode leaving an electric field less than threshold between 
it and the cathode. The electric field difference between B and C is related 
to the total charge in the accumulation layer, by integration of Poisson’s 
equation. 
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Fic. 6.10. Development of an accumulation layer. 


In order that this layer does not destroy L.S.A. operation it is necessary 
for its transit through the device in one cycle to be only a small fraction of 
the device length and it must be completely damped to the starting point of 
internal space charge growth at the end of each cycle. The space charge 
damping factor must be greater than the growth factor for this damping to 
occur. A requirement now exists for a large electron density in order that 
the necessary damping can occur, otherwise for a large fraction of each cycle 
the electric field must be below threshold so reducing the efficiency. Fortu- 
nately the modulus of the average negative mobility is much smaller than the 
positive mobility. This allows the simultaneous satisfaction of the low n/f 
(or T/T,) requirement for the control of space charge growth and the high 
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n/f (or T/T,) requirement for the space charge decay, with the following 
values: 


2 x 10* sec. cm73 < oe <2 x 10°seccem=?. (6.7) 


This description of L.S.A. operation has used two assumptions which 
are: 


(i) the velocity-field curve of gallium arsenide represents the device 
current-voltage characteristic if (6.7) is satisfied. 


(ii) the interaction between circuit and device superimposes a “clean” 
sine wave voltage on the device which causes the harmonic rich current 
waveform as shown in Fig. 6.2. It is not immediately obvious that these 
assumptions are correct. Their justification is found in the detailed treat- 
ment of L.S.A. operation by Copeland.“ This involves the computer cal- 
culation of the device-cavity interaction by the method described in 
Appendix 3. Providing that a space charge growth of e* was allowed the 
current and voltage waveforms were much as assumed earlier in this chapter 
with only slight modifications at the end of each space charge growth period 
when space charge non-uniformities were just significant. The efficiencies cal- 
culated by this technique agree closely with those calculated with analytical 
techniques‘* using the earlier assumptions of this chapter. 

The decay of the accumulation layer may appear at first sight to set a 
major limitation on the control of space charge. However, an accumulation 
layer decays for almost the entire time that the terminal voltage is decreasing 
with time as shown by the following calculation. This calculation is only 
valid for devices whose length is much greater than the accumulation layer 
transit length so that the terminal current-voltage characteristic is determined 
by the uniform electric field between the accumulation layer and the anode. 
The electric field distribution is illustrated in Fig. 6.1la. The relevant equa- 
tions to be satisfied by the accumulation layer are current continuity and 
Poisson’s equation. Also the integral of electric field across the device must 
be equal to the terminal voltage. The current J is given by: 


OE On 
= pean ERY yp ee 6.8 
J = nev(E) + && a eD ae (6.8) 
Far away from the accumulation layer, dn/@x = 0, the electric fields are E, 
and E, on either side, and the corresponding drift velocities are v, and v3. 
From Eqn 6.8: 


dE, dE, 
nev, + && vs = nev, + my 
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ie. 
= ne 
O(E, — Ey) = — (0, — v2). (6.9) 
ot 8&9 
This equation describes the growth or decay of the accumulation layer 


electric field non-uniformity. If v, =v, then the layer is in equilibrium. 
Growth occurs if v; > v, and decay if v, > v,. 
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Fic. 6.11. Accumulation layer dynamics. 


The largest possible value of E, — E, at the peak of the r.f. cycle (at T, 
in Fig. 6.11c) is approximately E, + Ep. As the mean field decreases with 
time E, and E, fall to smaller values causing v, to decrease and v, to increase. 
Decay of E, — E; occurs as soon as v, < v2. By making some simple approx- 
imations which underestimate the decay rate it is simple to show that the 
magnitude of E, — E, will be less than E; when the mean field falls below 
threshold for all the optimum L.S.A. conditions. In Eqn (6.9), v, is taken as 


a constant equal to the valley velocity, v,, and it is assumed that —E; < 
E, < E,; so that 


dy = UE; 
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where pt, is the low field mobility. E, is assumed to be equal to the mean 
field. 


i.e. 
2nt 
E, = E, + Eo cos (=). 


Therefore Eqn 6.9 may be rewritten as: 


OE, &£, v, 2x, (2nt 
—+—= —- E,o— —}- ; 
ar + T, 1,7, oT sin( T (6.10) 


The solution of Eqn (6.10) when the mean field has its peak value and E, = 
v,/Hp at t = 0 (i.e. maximum possible magnitude of the accumulation layer) 


is: 

E - [ex (=) — cos (=) + S + sin (=)| 

a"? baa Coe a 
—————— = —— Tg a _.,_ (6.11) 
Eo 1 /T\?2 
(Ey eo 
| Yan (7) | 

The right-hand side of Eqn (6.11) is plotted as a function oftime in Fig. (6.12) 
and the time is indicated at which the terminal voltage falls below threshold. 
In order that E, is never less than — E; the maximum value of Ep as a func- 
tion of the ratio T/T, must not be greater than shown in Fig. (6.13). This 
curve also indicates the maximum bias voltage (because Ey ~ Ez) for the 
field difference across the accumulation layer to be less than E; when the 
terminal voltage falls below threshold. Fortunately these conditions will be 


met for the optimum L.S.A. conditions. In practice this approximation 
should be well met in view of the generous nature of the earlier worst case 


20 
= 03 
>» 
+ [GP 
Wr 0:2 
40 
O-4 
0 


1 
O 0:] Oe 03° “OF4_ 05 
HT 


Fic. 6.12. Time variation of the electric field between the cathode and the accumulation 
layer. 
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approximations. An important point to emphasise is the rapid decay of an 
accumulation layer which occurs even when the mean field is greater than 
the threshold field. This is to be contrasted with the case of a dipole domain, 
where the approximate relaxation time is ./T,. Ty.” Ty, is the transit time 
of space charge through the entire device and can make dipole relaxation 
slow compared with a cycle of operation. Additionally the domain peak 
field will usually be much greater than that when there is only an accumula- 
tion layer present, so that the required overall decay factor for the domain 
will be much greater than for an accumulation layer. 
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Fic. 6.13. Limiting values of the r.f. electric field amplitude. 


If the material has bulk inhomogeneities which are much larger than the 
inherent fluctuations, a smaller space charge growth is required to form 
large signal non-uniformities. A discussion of the difficulties in obtaining 
L.S.A. operation under these conditions will be deferred until after the des- 
cription of the other non-transit modes. 


6.3 THE QUENCHED DOMAIN MODE OF OSCILLATION 


For material with n/f > 10° seccm™* space charge distortion of the internal 
device electric field becomes important and high electric field domains may 
be formed. In the limit of infinite n/f the domain would be in quasi-static 
equilibrium with the electric field. This assumption is made for the descrip- 
tion of the quenched mode so that the current-voltage relationship of the 
device under a time varying electric field (cavity control) is given by the 
stable domain dynamics of Chapter 4. Accordingly the current-voltage 
characteristic of Fig. 6.14 will be used. It is linear to threshold and its form 
follows the stable domain dynamics curve for post-threshold voltages. This 
has a current which decreases towards an asymptote for devices of finite 
length and the entire post-threshold characteristic tends towards the asymp- 
tote as the device length increases. As the voltage is reduced below threshold 
along the post-threshold characteristic the sustaining voltage below which 
domains cannot exist is reached. For devices of finite length there is a 
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Fic. 6.14. Current-voltage characteristic for quenched mode of oscillation neglecting 
capacitive effects. Two post-threshold characteristics are shown, the dashed line shows a 
device of finite length and the solid line shows a device of infinite length. 
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Fic. 6.15. Current waveform arising from a sinusoidal voltage in quenched mode. 
(a) Voltage waveform. (b) Current neglecting domain space charge. (c) Current including 
flow to and from domain space charge. 
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small current discontinuity at this voltage as the current assumes the value 
of the uniform field sub-threshold characteristic. 

The current and voltage waveforms of the quenched mode are shown in 
Fig. 6.15 and are impressed upon the device by a cavity as in Fig. 6.4. The 
rf. voltage must cause the total device voltage to fall below the domain 
sustaining voltage for part of each cycle and the time required for domain 
transit over the entire device length must be greater than the domain “exis- 
tence”’ time T;. As the total voltage across the device rises above threshold 
at time ¢, a domain forms and causes a rapid current drop from the ohmic to 
the post-threshold current characteristic. This domain drifts through the 
device until at time 7, it is quenched by the falling voltage. The current 
shows a small discontinuous upward jump and the device remains ohmic 
to tz when the cycle of operations is repeated. 

The calculation of dynamic negative resistance and efficiency of the oscil- 
lator follows that described for L.S.A. calculations. The r.f. power, P,;., gen- 
erated by the device is the product of the fundamental antiphase components 
of current through and voltage across the device. These are obtained by 
Fourier analysis which reduces to 


@ 2n/o 
Pip = =| i(t). Vo cos wt. dt (6.12) 
2nJo : 
for the waveforms depicted in Fig. 6.15. i(¢) is the current waveform and is 
related to the total voltage applied to the device through the chosen form of 
the device current-voltage characteristic. Because the electron drift velocity 
at threshold and the threshold electric field are quantities independent of 
sample length and carrier concentration, i(t) may be rewritten as a function 
of voltage in the following form which is true for all samples when the fre- 
quency is low enough to allow the current to follow the voltage instantane- 


ously: 
i(t) V ) 
—=f(— 6.13 
aed (6.13) 
where V = Vz + Vocos at. 

i, is the peak current at threshold for the particular device under con- 
sideration, V; is its threshold voltage, V, is the bias voltage and f(V/V;) is 


the current-voltage characteristic. Eqn (6.12) may now be rewritten as: 


Be We a Need (2 + Vo cos ot 
= pase fe Ge i aS ee See ; 2 i 4 
Pie, = Vri, ( V, ) =, f V, ) cos ot ar| (6.14) 


The term in the square brackets has all voltage terms normalized to the 
threshold voltage so that for fixed values of these normalized terms the power 
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output is proportional to the sample volume (Vz proportional to length, i, 
to area for fixed doping density) as is the case for L.S.A. and all non-transit 
time devices. The biasing power input, Px, is given by: 


7) 2x/o 


Vs \ @ (27/° (Vg + Vocos “) 
= lV. j — J — a d - A 
ze ele, ait Vr (| ae19) 


The efficiency, 4, of bias to r.f. power conversion is given by: 


Poy. 
Ps 


Vo hae (= + Vocos - 
— ———— ] cos wt. dt 
( Vr] Jo i Vr 


7 =e ee, (6.16) 


(2) I ae, ( Vz + Vo cos =) a 
Vr] Jo Vp 

In this equation the volume terms have disappeared and the efficiency does 
not fall as the sample length is increased at constant frequency, providing 
that the voltages normalized to the threshold voltage are kept constant. The 
optimum efficiency and negative resistance as a function of bias voltage are 


shown in Fig. 6.16. 
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Fic. 6.16. Variation with biasing field of optimum efficiency and negative resistance R 
(normalized by low field resistance) for the quenched mode. 
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This result is contrary to some opinion. It has been stated that the anode 
region of quenched mode devices contributes nothing to power generation 
and is a sourse of r.f. power absorption. Such an idea would be directly 
applicable to a linear negative resistance region. In this case a sine wave 
current through both regions would produce two antiphase voltages in 
series so that the terminal voltage amplitude would be less than that across 
the negative resistance (power generator), and power output and efficiency 
would be lost. The quenched mode device is not in this category as it has a 
time and spatial variation of its internal impedance. (The domain may be 
thought of as a voltage sensitive switch which controls the device current). 
A negative differential resistance characteristic is not primarily responsible 
for power output and efficiency. These last two factors are directly deter- 
mined by the antiphase amplitudes of current and voltage, and a negative 
differential resistance is only an indicator that r.f. power may be generated. 
If we consider removing an anode section of an efficiency optimized quenched 
mode device in order to improve its efficiency still further, this will infact cause 
a degradation of performance by altering the current waveform in time f to 
t3 of Fig. 6.15 so that the fundamental antiphase current amplitude is reduced. 

In this simple model of the quenched mode the domain formation and 
decay times were assumed instantaneous. However, the characteristic time 
of formation and decay of these space charge double layers may be much 
longer than the characteristic times for L.S.A. operation. This arises because 
the operation may be represented by a capacitor which is in series with the 
resistance of the rest of the sample (field below threshold field). Particularly 
in a long sample the domain charging and discharging time constant (approx- 
imately the square root of domain transit time and low field dielectric 
relaxation time) of these equivalent circuit elements can be much longer 
than the relevant dielectric relaxation time of the L.S.A. mode. It may cause 
further limitations in achieving L.S.A. operation because a dipolar space 
charge layer will not disperse as rapidly as expected from the simple small 
signal theory of Section 6.2. 

Even though the space charge flow to the domain has not been taken into 
account in the simple quenched mode model a source of device susceptance 
does exist in it. In general the fundamental current component (Fig. 6.15) is 
not exactly in antiphase with the voltage waveform. Quadrature components 
of current and voltage exist and their magnitude depends on the working 
conditions of the device. In this way a susceptance is generated and is in 
parallel with the effective device negative resistance and varies with the load- 
ing and biasing of the device. This consideration is important for the frequency 
stability of the oscillator. It is important to note that this susceptance has 
arisen entirely from the non-linearities of a resistive current-voltage charac- 
teristic. 
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Two additional effects arise from the space charge flow to and from the 
domain. The flow will contribute to the mean device capacity which may be 
calculated for a quasi-stable domain from the stable dynamics (Chapter 4). 
This capacity in turn will depend on the bias voltage and load impedance 
(through the r.f. voltage amplitude) and will cause an inherent electronic 
tuning in the device. The second effect of the space charge flow concerns the 
efficiency of r.f. power generation. For the half cycle of operation where the 
voltage is decreasing the domain discharges its space charge, causing a current 
reduction compared with the purely resistive conditions described above. 
When the domain sustaining voltage is reached the domain is almost entirely 
discharged. These effects are illustrated by the current waveform of Fig. 6.15. 
As the voltage increases the device initially remains ohmic and no space 
charge flow occurs. When the threshold voltage is reached a large space 
charge current must flow to charge the domain, and the modification to the 
current waveform is illustrated at time ¢, and f3 in Fig. 6.15. If the domain 
formation time is an appreciable fraction of a cycle the area under the current 
waveform may be increased at the time when it is antiphase with the voltage 
waveform. This effect will be a maximum when the current waveform is 
extended to time t, when the r.f. component of the voltage is zero. Such a 
time extension arises when n/fx 4 x 10* seccm™ 3. This effect may well 
be important in devices with a sufficiently large doping inhomogeneity to 
preclude L.S.A. operation. A satisfactory calculation of these effects can 
only be made with the computer simulation of Appendix 3. 


6.4 THE HYBRID MODE 


This mode arises ifn/f = 5 x 10*seccm™? and is midway between the L.S.A. 
mode and a quenched mode. The space charge growth proceeds to appreci- 
able large signal non-linearity during each cycle of oscillation, but does not 
reach the quasistable domain condition of the quenched mode. Multiple 
domains (not mature) may exist in the device, separated spatially by the transit 
distance per cycle of oscillation. This behaviour is to be contrasted with the 
single domain propagation only part of the way through the device in the 
quenched mode. Some degree of the space charge control in the hybrid mode 
is provided by the partially formed domains running out of the anode of the 
device. The electric field outside the space charge dipole layers remains above 
threshold for a large part of the time that the mean device voltage is above 
threshold. As a result the device current when the voltage is closed to threshold 
is larger than that of the quenched mode, so that a larger fundamental rf. 
current amplitude is generated and operation in the hybrid mode is more 
efficient. The waveform lies midway between that of the L.S.A. mode and the 
quenched mode and will be discussed later. The strong time variation of the 
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current-voltage characteristic inherent in this mode causes difficulties in its 
analytic description. An attempt has been made by splitting the time varia- 
tion of the device conditions into two parts. For the domain formation time 
(this is defined as the time until the minimum internal electric field has fallen to 
threshold when the mean electric field is greater than threshold) the external 
resistive current-voltage characteristic is taken directly from the velocity— 
field characteristic. After this time the characteristic is assumed to be des- 
cribed by the stable domain dynamics of Butcher and Fawcett (Chapter 4). 
The calculation shows that the efficiency is comparable with L.S.A. efficiency 
for n/f ~ 5 x 10*seccm™? and it is maintained to much higher n/f values 
(~ 20 x 10* sec cm 3) than for the L.S.A. mode. More satisfactory results 
are obtained from computer simulation of the device-circuit interaction. 


6.5 COMPARISON OF MODES 


The L.S.A. mode is the most efficient convertor of d.c. to r.f. power for 
single frequency operation. For a given r.f. amplitude the antiphase current 
component at the fundamental frequency decreases from L.S.A. through 
the hybrid to the quenched mode (Fig. 6.17). In addition the optimised L.S.A. 
conditions do not require the device voltage to fall as far below threshold 
as for the other modes. This allows an even larger fundamental antiphase 
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Fic. 6.17. Illustration of the decrease in efficiency from L.S.A. to quenched mode due to 
different current waveforms for the same r.f. voltage. The hybrid mode current waveform 
is intermediate between these two. 
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component of current. It has been assumed that the cavity impresses a 
sinusoidal voltage across the device. The ideal L.S.A. current waveform is 
symmetrical about the voltage minimum but some deviation from this 
condition occurs due to a small but finite space charge growth in the device. 
The presence of space charge causes the instantaneous current through the 
device to be smaller than for a uniform device and this effect causes the reduc- 
tion in the peak—peak r.f. current at the fundamental frequency from L.S.A. 
through the hybrid mode to the quenched modes as space charge becomes 
greater. 

Even though the L.S.A. mode is the most efficient it also presents the 
greatest difficulties for space charge control. The previous discussion of 
Section 6.2 assumed an ideal device in which the inherent electrical non- 
uniformities only arose as a result of the discrete nature of the electronic 
charge (thermal fluctuations of electron density and random static doping 
non-uniformities). In all practical devices there will be larger amplitude and 
larger scale inherent non-uniformities owing to imperfect crystal growth. 
These “nucleation regions” for space charge growth only require smaller 
growth before they cause appreciable electrical non-uniformity and the 
“death” of L.S.A. operation. Therefore the r.f. voltage amplitude across 
the device must increase from the optimum of Fig. 6.5 in order to decrease 
the growth rate when the voltage is greater than threshold and to increase 
the time available for positive resistance space charge damping (see Fig. 6.8). 
This increase dictated by space charge control requirements can only be 
obtained with a reduction of efficiency (see Fig. 6.5). Copeland® has shown 
that the efficiency falls off as in Fig. 6.18 with increased device non-unifor- 
mity which causes dipolar space charge. The calculation included the full 
details of the interaction between the device and circuit and assumed a 
linear doping gradient whose sign changed at regular intervals through the 
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Fic. 6.18. Reduction of maximum efficiency in L.S.A. operation® due to doping non- 
uniformities, 
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device. A similar conclusion was reached by Thim™® and also by Hobson” 
in attempting to derive the optimum form of the velocity—field characteristic. 
This latter calculation showed that the efficiency of L.S.A. operation would 
be maintained for sample non-uniformity up to 5% (over a distance of 
about 25 Debye lengths) providing no dipolar space charge was injected from 
the cathode. The Butcher and Fawcett velocity—field characteristic was found 
to be close to the optimum for single tuned circuit operation if this stringent 
technological limitation could be met. 

The lower limit to the magnitude of space charge non-uniformity for the 
nucleation of space charge growth is provided by random fluctuations in the 
electron density (dynamic) and random variation in the donor density 
(static).‘?? They have equal r.m.s. deviation and the same statistical distribu- 
tion in ideal material. The r.m.s. deviation is large for small dimensions so that 
a small growth is required to cause large signal non-uniformities. However the 
growth rate is drastically reduced by diffusion for dimensions of the order 
of a Debye length. Also the lateral dimensions of the nucleating region must 
not be too small otherwise divergence of the quasi-one dimensional electric 
field also reduces the growth rate. These effects result in there being an op- 
timum extent of the nucleating region which has the fastest achievement 
of large signal distortion of the electric field. Quantitatively such consider- 
ations indicate that nucleating regions for space charge non-uniformities have 
a length of about 25 Debye lengths and a diameter of about 200 Debye 
lengths, and the maximum allowable space charge growth varies from e’ for 
material with 101+ donors per cm? to e* for 10!© donors per cm. In general 
these limiting fluctuations will be masked by bulk doping inhomogeneities or 
space charge injection from the cathode. 

The quenched mode has lower efficiency than the L.S.A. mode but the 
same difficulities are not experienced with space charge control—it is utilized 
in the operation. In order to obtain the maximum power output from all 
these modes a high peak electric field must be applied to the device. In the 
quenched mode the domain is in quasi-static equilibrium with the instan- 
taneous device voltage, and extremely high domain voltages (see Chapter 4) 
may be built up in long devices which would be used for maximum power 
output. When the domain electric field exceeds about 150kV/cm impact 
ionization occurs and the runaway current that results rapidly destroys the 
sample. This difficulty is avoided in L.S.A. operation because the maximum 
electric field in the device is only the maximum mean field. 

The L.S.A. and quenched modes of oscillation have been compared and 
contrasted in the above paragraph. The hybrid mode appears to be a good 
compromise between them. The efficiency is lower than that of the L.S.A. 
but is higher than that of the quenched mode. Space charge growth causes 
appreciable electrical non-uniformity which is not damped out completely 
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in each cycle because of the long decay time constant of large signal non- 
uniformities (Section 6.3). As a result there is a succession of domains in 
a long sample which are separated by the product of mean domain velocity 
and period of oscillation. These share the voltage in excess of that required 
to maintain the electric field outside the domains so that electrical breakdown 
of the device is less likely to occur than with single domain quenched mode 
operation. A theoretical best operating efficiency of 13% has been predicted 
for this mode if the sample has a random 11% doping inhomogeneity and 
it is controlled by a single frequency resonant cavity. 

Improvements in efficiency to all of these modes may be made, in principle 
at least, by designing a cavity which is also resonant at some harmonics of 
the fundamental frequency. The objective is to “square”? the current and 
voltage waveforms which in the limit take the same form as those for the 
similar case of domain oscillators in Chapter 5. The efficiencies obtained 
from simple calculation improve in the same way as for non-transit modes. 
Space charge control should be made easier for squared waveforms because 
of the rapid excursion of the electric field through the critical region above 
‘threshold. In order to quench the domain in the quenched mode it would 
be necessary to momentarily ““underswing” the voltage below the sustaining 
voltage before the voltage could rise to its quasi-steady value just below the 
threshold voltage. 


6.6 STARTING CONDITIONS AND CAVITIES 


The previous description of non-transit modes has only treated the oscillator 
steady state. The oscillator period must undergo drastic modification during 
the “start-up” of oscillations“!:11+122 (see Fig. 6.19). Presumably the initial 
oscillations will have the transit time period or be dictated by local “ringing” 


Current ——————>- 


Time ————> 


Fic. 6.19. Illustration of transient mode during start of non-transit oscillations. 
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conditions at the device mount. There will be considerable harmonic content 
if the nl product of the device is much greater than 10'2cm~?. There are 
two ways in which these initial oscillations may grow to steady state maturity. 

The cavity electromagnetic field which is present in the steady state may 
be built up from the power generated at the harmonic frequency which is 
closest to the natural resonant frequency of device susceptance and cavity. 
This process can only occur if the electromagnetic field reflected by the 
circuit to the device in a non-synchronous fashion causes a modification of 
the fundamental device frequency (due to modification of domain properties) 
in such a way that the relevant harmonic moves towards synchronism with 
the circuit. In this way there will be a device frequency shift which depends 
on the stored electromagnetic energy in the cavity and both will change 
smoothly until the steady state is achieved. 

The second growth process requires the broadband negative conductance 
that may occur at the device terminals when it is oscillating in a different 
mode (see Chapter 7). This conductance may amplify any signals occuring at 
the cavity resonant frequency until they become large signals which may 
take over the frequency control. The initial oscillatory mode may arise in 
various ways. It may be the simple sample controlled transit mode or it 
may be a different cavity resonant mode from the one required. In a wave- 
guide cavity, for example, the device susceptance may resonate with the 
evanescent mode inductance of the waveguide below its cut-off frequency. 
If the resonant frequency of such a cavity is close to the domain transit 
frequency, or a low harmonic, then a cavity controlled mode may be set up 
in a similar fashion to the modes of Chapter 5. 

In general both effects in the above paragraphs will participate in the build 
up of the steady state electromagnetic field in the cavity. It is not apparent 
that there will be any qualitative difference between these conditions for 
any of the non-transit modes of the Chapter. Experiments attempting to 
use this change of oscillation“ period, or the temporal extinction of existing 
cavity modes of oscillation to determine the oscillatory mode will not be 
able to distinguish between the non-transit modes. 

In order that the oscillations can grow by the above process it is necessary 
that there is not too great a power loss either to the external circuit or 
internally by cavity wall losses at the L.S.A. frequency. The cavity should 
have a small stored energy to allow rapid achievement of stable operation. 
This feature may be desirable for systems use and is a necessity for long 
devices as discussed in the next paragraph. A further necessary feature of 
the cavity design is the avoidance of stable operation in domain modes at 
lower frequencies than those required for L.S.A. operation. Otherwise a 
“‘latching’’ of oscillations onto the domain mode may occur and prevent the 
attainment of L.S.A. action. 


192 L.S.A. AND NON-TRANSIT (OVERLENGTH) MODES 


The most serious limitation to setting up the L.S.A. and Hybrid modes of 
oscillation, particularly in long samples, is the avalanche breakdown that may 
occur due to the high domain fields present in transient domain modes im- 
mediately after switching the bias onto the device. In order to avoid this 
trouble the time required to establish these modes must be as short as possible 
(usually only a few cycles of domain oscillation are required to permanently 
damage the device). This “‘establishment” time may be neatly minimized“ 
by inserting a suitable inductance in the video bias lead of the devices, so that 
the current fall of the device when it exceeds threshold causes the device 
voltage to rise much more rapidly than the externally applied voltage. In this 
way the optimum bias voltage for the mode of operation was achieved in a 
time comparable with the domain formation time. An additional bonus from 
this technique may be the excitation in the cavity of frequency components 
which are close to the required resonant frequency of device and cavity. 

Some of the cavities used to excite these modes are shown in Fig. 6.20. 

A circuit realization of multiple harmonic operation which also removes 
some of the difficulities encountered in single frequency L.S.A. operation 
has been called the “relaxation” mode and has been extensively studied by 
Jeppsson and Jeppesen. The operation is essentially the same as discussed 
in Section 9.5 and has the voltage and current waveforms shown in Fig. 6.21. 
The circuit is a series combination of an inductance and the device, which are 
in parallel with a zero impedance bias source. When the terminal voltage is 
below threshold the voltage and current rise exponentially towards the bias 
level with the L/R time constant which approximates to that of the circuit 
and the device low field resistance. As the voltage passes through threshold 
the current drops sharply causing the voltage to rise rapidly and then fall 
again in a time dictated by the circuit inductance and device capacity (the 
instantaneous resistive impedance in parallel with the capacity is high because 
of the near constant current nature of the diode). After the voltage falls 
below threshold the cycle of events is repeated. The period of oscillation is 
strongly dependent on the bias voltage (Fig. 6.22) because this controls the 
time at which the device terminal voltage passes through threshold. This 
feature may be a disadvantage in some applications and an advantage in 
others. 

From an efficiency point of view the current achieves the desirable condi- 
tion of switching rapidly and periodically between the highest current, lowest 
voltage and the lowest current, highest voltage states. At first sight the 
relaxation mode should be possible for the uniform field condition of L.S.A. 
operation or the highly non-uniform domain operation because both schemes 
essentially require switching between the peak and valley of the velocity— 
field characteristic. The domain modes carry several disadvantages and may 
even destroy the mode. The high field domain is undesirable in the long 
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Fic. 6.20. A selection of L.S.A. cavities. (a) Copeland and Spiwak;“*® (b) Kennedy; 
(c) Gibbs.2!> (Crown Copyright, reproduced by permission of the controller of 
Her Majesty’s Stationery Office). 
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devices usually used because of the possibility of avalanche breakdown. 
A further disadvantage is the relatively slow decay of a high field domain 
which will require the voltage to fall further below threshold than for L.S.A. 
operation in order to dissipate the dipolar space charge. Efficiency would 
then be reduced. In some cases the decay time may be longer than the required 
period so the mode would be unattainable. Even though large doping non- 
uniformities such as deep notches must be avoided to prevent dipole domain 
injection, the similarity of the current and voltage waveforms for L.S.A. or 
domain operation make the mode much less sensitive to doping non-unifor- 
mities than single frequency L.S.A. operation. Computer simulations which 
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Fic. 6.21. Voltage and electronic current versus time from computer simulation of -band 
waveguide iris circuit.‘?> 
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Fic. 6.22. Fundamental frequency, efficiency, and capacitance, the latternormalized to the 
dielectric capacitance Co, versus normalized bias voltage.‘? 
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gave a 22-8% efficiency for a flat doping profile gave 10% efficiency for a 
60% variation sloping up to the anode. 

The most efficient operation is obtained at an n/f ratio between 1 x 10° 
and 5 x 10°seccm™ 3. This higher value arises because the time that the 
voltage is greater than threshold occupies a much smaller fraction of a 
cycle than in single frequency operation. Furthermore, the higher doping 
density allows more rapid electric field readjustment within the diode so 
that the voltage can change quickly between it’s extreme values. 

The low stored energy nature of the mode and it’s circuit appears advan- 
tageous for rapid start up of oscillation (Fig. 6.23), both for systems use, and 
to avoid initial destructive domain formation. A possible disadvantage is 
the low relative value of the rate of change of voltage at the threshold cros- 
sing time. The device may be susceptible to noise and temperature instability 
but this is not clear at the time of writing. 
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Fic. 6.23. Buildup of device voltage versus time.? 


A circuit realization is shown in Fig. 6.24. The thick iris provides the 
essentially lumped inductance in the transverse parallel plate mounting. The 
matching transformers are required to present the correct resistive load 
impedance to the diode to obtain maximum efficiency. Figure 6.22 illustrates 
the simulated oscillator performance for the following parameters. The 
thick iris inductance was equivalent to a quarter wavelength short-circuited 
line at 36 GHz and characteristic impedance of 100Q. The diode doping 
density was 1°8.10'5 cm”? giving an n/f ratio of 10° sec cm~? at 9 GHz. It 
had a low field mobility of 8000cm2/V sec, a length of 30 microns and a 
peak/valley ratio of 2-5. The ridge waveguide transformers were a quarter 
wavelength long at 9 GHz and had characteristic impedances of 2009 and 
400Q. The waveguide had a characteristic impedance of 5009. The wavetrap 
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was a quarter wavelength long at 11-6 GHz and had a characteristic impe- 
dance of 19. It was fed from a bias supply with 25Q output impedance. 
Owing to the large number of parameters involved in the simulation it was 
not possible to carry out a complete optimization, but a maximum efficiency 
of 26:5% was calculated for an n/f ratio of 2-6 x 10°seccm™3. This is 
approaching the maximum predicted in Chapter 4. The best practical effici- 
encies achieved in this type of circuit are 15% at 1-75 GHz with 6 kW output, 
at the time of writing. 
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Fic. 6.24. (a) Sketch of X-band waveguide iris circuit. (b) Equivalent diagram of iris circuit. 
(c) Representation of overall load impedance. 


6.7 MAXIMUM POWER LIMITATIONS 


The non-transit modes have a d.c. to r.f. conversion efficiency which is 
independent of the device volume. Providing that material preparation 
problems of uniformity can be overcome the maximum power output is 
only limited by the volume of the device. In turn the volume is limited by the 
necessity of maintaining a substantially uniform distribution of r.f. and d.c. 
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electric fields at points transverse to the electron drift. Otherwise one part 
of the device may be operating under optimum efficiency conditions whereas 
another part of the device could be operating at very low or even negative 
efficiency. There are two sources of r.f. electric field non-uniformity which 
limit the device dimensions. No account of the required cavity will be given 
in the following discussion. It simply has to be designed to ‘“‘fit around” the 
optimum device. The standing wave electromagnetic fields in a cavity vary 
from maximum to minimum over a quarter-wavelength, and the penetration 
of electrical fields into a conducting device are limited by skin effect con- 
siderations. The first non-uniformity is inherent in any standing wave circuit 
and the device can only occupy a fraction of a wavelength within the device. 

The skin depth in a negative conductivity medium has been the subject of 
much confusion. Solution of Maxwell’s equations in a uniform negative 
differential conductivity medium show that the electric and magnetic field 
amplitudes grow in the direction of propagation. The solutions have the same 
apparent decay with distance for both positive and negative conductivity“) 
but closer inspection shows that the direction of propagation is reversed in the 
negative conductivity medium. A wave incident upon the medium is partially 
reflected at the interface owing to the mismatch of the characteristic impedan- 
ces of the electromagnetic wave circuit and the negative conductivity medium. 
That part of the wave which enters the medium grows as it propagates until 
it is incident on the second surface. Here it is again partially reflected and 
partially transmitted. 

Chawla and Coleman‘?® have predicted that samples which are sufficiently 
long can act as their own resonators. If the signal gain in transit between the 
faces is greater than the transmission loss through a face then coherent 
oscillations may be generated providing that the material remains electri- 
cally uniform. There is no experimental evidence of this effect at the time of 
writing. 

In an L.S.A. device the frequency of operation is of necessity close to the 
negative dielectric relaxation frequency. This implies that the displacement 
current and conduction current associated with the electromagnetic wave have 
similar magnitudes and account must to taken of this in calculating the skin 
depth. The simple skin effect formula for a metal in which the displacement 
current is negligible is not sufficient. The effect of the displacement current 
is to increase the skin depth. 

The effects of the non-uniform standing wave field and skin effect have 
been discussed by Copeland‘® for a device that is transverse to the direction 
of propagation of the electromagnetic waves. The skin effect limitations 
arise from the interference of two waves propagating and growing from each 
side of the device. He shows that a gallium arsenide device must not be longer 
than one thirtieth of a free space wavelength in the direction of propagation 
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for n/f = 5 x 10* seccm™ *. The r-f. electric field would then be constant to 
better than 10%. Copeland’s calculations assumed uniformity transverse to 
the electromagnetic wave. This will be true for plane wave circuits (i.e. no 
sidewalls) but in waveguide the transverse field variation will set a limit to 
this dimension. 

The longitudinal dimension of a 10 GHz. L.S.A. device with n/f=5 x 
10* sec cm~? is limited to about 1 mm for an electric field uniformity better 
than 10%. If practical limitations for the height and width of the device are 
taken as 1 cm when it is inserted into plane wave circuity the bias power 
dissipation will be approximately 1 megawatt for a biasing electric field of 
10* volts/cm. Assuming 10% efficiency, a power output of 100 kilowatts rf. 
may be obtained. The low field device resistance would be about 20 ohms for 
good quality gallium arsenide so that the device impedance should not be 
difficult to drive or match to the r.f. circuit. Eastman and Kennedy"®) have 
used similar device dimensions to predict similar r.f. powers from 10 GHz to 
100 GHz. 


6.8 C.W. OPERATION 


Electrical non-uniformities due to dimensional limitations and material 
imperfections cause considerable difficulty in the achievement of L.S.A. 
operation. These difficulties are increased when c.w. operation is attempted 
because of thermally induced non-uniformities. The earliest practical forms 
of transferred electron devices (longitudinal orientation) had the same path 
for heat and electrical conduction. This causes the centre of the device to work 
at a higher temperature than the contact regions. The mobility of the electrons 
depends upon temperature so that there is an additional thermally induced, 
electrical non-uniformity in the device. 

In order to avoid this non-uniformity heat should be removed from the 
sides of the device. This can be achieved with epitaxial layers of GaAs grown 
on a high resistivity substrate. More details of this “surface orientated” or 
“Jateral’’ device will be given in a later Chapter. 

C.w. operation also carries another disadvantage. The temperature depen- 
dence of the velocity-field characteristic’?* causes a reduction of the peak/ 
valley ratio and the negative slope, with less reduction of the valley velocity. 
The reduction of peak/valley ratio will reduce the current amplitude of L.S.A. 
oscillation and also the efficiency of d.c. to r.f. conversion. 


6.9 MAXIMUM FREQUENCY LIMITATIONS 


The calculation of all oscillator properties in this chapter have, at least 
implicitly, assumed that there is a time invariant velocity—field characteristic 
from which the current-voltage device characteristics have been obtained. 
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When the frequency is sufficiently high this is incorrect (see Chapter 3). The 
redistribution of the internal electronic momenta after an electric field alter- 
ation takes approximately 10~!1 sec to 1071” sec so that there is lag in the 
attainment of a steady mean electron velocity for about this time. A device 
operating in the L.S.A. mode with an oscillation period which is comparable 
with this relaxation time conducts a higher current than expected from the 
static velocity—field curve when the electric field is increasing but the current 
is lower than expected when the electric field is decreasing (see Fig. 6.25). 
The resulting phase lead of current with respect to voltage appears as an 
additional device susceptance which increases with increasing frequency. 
The in phase current component decreases with increasing frequency because 
the mean current-voltage characteristic tends towards a positive resistance 
in the high frequency limit when there is no r.f. component of intervalley 
transfer. 
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Fic. 6.25. Current-electric field relation of an L.S.A. oscillator when the inverse frequency 
approaches the electronic distribution function relaxation time.“” Frequency = 60 GHz; 
r.f. field amplitude = 13-1 kV/cm. Bias field = 15 kV/cm. 
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Fic. 6.26. Decrease of L.S.A. efficiency at high frequencies due to energy and intervalley 
relaxation processes‘'”? r.f, field amplitude 13-1 kV/cm; Bias field = 15 kV/cm. 
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The effects of energy relaxation and intervalley transfer rate appear to 
have almost equal significance in limiting the high frequency performance. 
The former does not allow electrons to reach the energy necessary for in- 
tervalley transfer and the latter limits the transfer rate after achievement of 
required energy. The dependence of d.c. to r.f. conversion efficiency on 
frequency for L.S.A. operation is illustrated in Fig. 6.26 as calculated by 
Butcher and Hearn.“” Energy relaxation modifications to the velocity-field 
characteristic have been discussed in Chapter 3. 

The relaxation of the electronic momentum distribution may carry a 
bonus for the control of space charge. As the upper frequency limit for L.S.A. 
operation is approached the negative slope of the “dynamic” velocity—field 
characteristic will be decreased and the space charge accumulation rate 
should decrease. Conversely, the velocity reduction of electrons in front of 
the accumulation layer may cause additional difficulties in damping this 
layer °2*) (see Section 6.2). 


6.10 USEFUL CHARACTERISTICS OF NON-TRANSIT MODES 


The principle advantage of the non-transit modes is the direct dependence 
of output power on material volume. The state of the art at the time of 
writing is illustrated in Fig. 6.27. 
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Fic. 6.27. State of the art performance of overlength devices, June 1971. 


It may be expected that the lack of frequency dependence on a transit 
time may allow wide range mechanical tuning (i. by variation of cavity 
dimensions). This feature appears to be shown in the results of Taylor and 
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Howes®) but there is very little information on this aspect at present. 
Most high power results have been obtained in cavities which will not allow 
the mechanical tuning feature to be exploited because they contain many 
parasitic elements which give frequency controlling resonances. 
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Fic. 6.28. The capacitive susceptance of an L.S.A. diode“ whose length is 5 transit lengths. 
The parameters are load resistance. Ro is the low field device resistance. 


The inherent electronic tuning (i.e. frequency dependence on bias) charac- 
teristics of non-transit oscillators should depend on the particular details 
of the mode. Those modes which exhibit large space charge non-uniformities 
also have a large capacitative component due to the space charge and a 
large assymetry of the current waveform with respect to the r.f. voltage 
minimum. This assymetry arises from the modification of the instantaneous 
device current-voltage characteristic by space charge formation. A small 
space charge exists immediately after the device voltage rises through thres- 
hold and a large space charge is in existence just before the voltage passes 
below threshold. Both effects cause a susceptance component in the equiv- 
alent circuit of the device. Because the space charge non-uniformities depend 
on the oscillator working conditions this susceptance may be altered by a 
change of bias voltage or external r.f. loading so that the resonant frequency 
of cavity and device may be changed. L.S.A. operation in which there is 
ideally no space charge growth may be expected to show the weakest depend- 
ence of frequency on external working conditions and therefore the greatest 
frequency stability. The dependence of this susceptance on the working con- 
ditions and material inhomogeneity is shown in Fig. 6.28.) The calculation 
was made by computer simulation. Operation was essentially L.S.A. and even 
larger variations may be expected in quenched mode oscillators. 
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Chapter 7 
Transferred Electron Amplifiers 


7.1 INTRODUCTION 


In Chapter 4 it was shown, not surprisingly, that the negative differential 
resistance present in transferred electron materials provides us with devices 
capable of either oscillation or amplification, depending upon certain 
device parameters. The previous two chapters have examined in detail the 
characteristics of the oscillators. In this chapter we set out to examine in 
detail the mechanisms, directly and indirectly due to electron transfer, 
whereby amplification can be obtained, and to consider the performance of 
such amplifiers. 


7.2 THE BULK NEGATIVE CONDUCTANCE AMPLIFIER 


It has already been pointed out (Chapter 4) that there is a lower limit on 
the value of the n/ product, below which no travelling high field domain 
can form. Such devices are stable against domain formation and it might 
be thought that, in consequence, such a device would have a terminal I~V 
characteristic similar to the v-E characteristic, thereby presenting us with 
a very broad band differential negative resistance. In fact we do not obtain this 
and instead, as we exceed the threshold voltage, electrons are injected into the 
material from the cathode thereby raising the total charge and over compen- 
sating for the reduction in electron mobility at fields above threshold. Thus 
the terminal current continues to rise as we exceed threshold and no d.c. 
negative resistance is obtianed. Figure 7.1 shows some typical terminal I-V 
characteristics calculated by Holmstrom” for a range of values of the nl 
product. 

Space charge effects prevent us from obtaining a static negative resistance. 
Equally no negative resistance will be seen at any frequency where this 
space charge readjustment has time to take place. This means that no negative 
resistance can be obtained when the period of the applied signal is much 
greater than the transit time of a carrier through the crystal. At higher 
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frequencies however the possibility arises of negative resistance effects in 
these d.c. stable devices, and it is the conditions surrounding these effects 
that we now want to examine. It is to be emphasized that we are here con- 
cerned with small negative resistance effects. 


V/V 


Fic. 7.1. Normalized current density-voltage characteristics for Gunn diodes having 
different values of the m/ product. Vy = Ey L, where Er, is the threshold field (3-3 kV/cm) 
and L the sample length. Jn = moet, where 5, is the maximum electron drift velocity. The 
parameter is 


L(= c no L). (Ref. 1) 


€€o Er 

For any reasonable analysis of the time-space dynamics of negative 
conductance devices, we are forced to simpler approximate models for the 
description of the electron system than those described in Chapter 3. A very 
useful model has been presented by McCumber and Chynoweth,”) and using 
it they have made computer calculations of the behaviour of devices with 
low nl products. This model, and the results it yields, will form the basis of 
our considerations of these devices. 


7.2.1 THE MCCUMBER CHYNOWETH MODEL 

Here it is assumed that the electrons have a Boltzmann distribution, with a 
common temperature, and that they possess a common temperature re- 
laxation time. The electron temperature is then determined by the energy 
transport equation. 


i) 
ot 
where tT; is the temperature relaxation time, to which the estimated value of 


2 x 107'? sec is assigned in the calculations and i is the average carrier 
velocity. 


ae ToT. eae 
= — (06) — 3° + Ea, (7.1) 


T 
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The populations of the upper and lower valleys, my and n, are determined 
by the application of Maxwell-Boltzmann statistics and the remaining 
equations to describe the system are Poisson’s equation 


OE e 
rz = ‘ees, (ny, + ny — No) (7.2) 
the continuity equation 
) Oe 
Gy te t tv) = — = On + ay) I, (7.3) 


and the expression for the average electron velocity 

= é 

B= | (upny + pynty)E — Ox CT (vpn + pon)}} Mn + ny). (7.4) 
where the Einstein relation has been used to convert diffusion constants to 


mobilities. Setting time derivatives in the above equation to zero we have 
the general steady state equations 


T(x) = Ty(x) + 30, {8Q)E) — Saar] (7:5) 


GE(x)_e 
Fe is) — no (7.6) 
j = ev(x)n(x) (7.7) 
(x) = AEs) ~ We LT (x\alxn(~x)] (7.8) 


where j is the steady state current density and jf is the average electron 
mobility, defined as d/E. 

The last (energy transport) term in Eqn 7.5, and the last (diffusion) term 
in Eqn (7.8) are only important in the vicinity of rapid changes in material 
properties, and may therefore be neglected in a first approximation. In this 
case the equations can be combined to yield 


dE(x) _ eno(x) ~ ee] 
dx —— && 5(E(x)) J” 


The importance of the boundary conditions in this problem has previously 
been noted. McCumber and Chynoweth separate their mathematical bound- 
aries (E = 0, T = To, ny = 0) from the region of real interest by short 


(7.9) 
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heavily doped end regions. With these boundaries, solution of Eqn (7.9) 
yields the internal field distributions shown in Fig. 7.2. The parameter here 
is j/noev,, where 0,, is the maximum value of 3, so that oev,, corresponds 
approximately to the saturation current in a sample with uniform internal 
fields. Thus it is seen that as j/ngev,, exceeds unity (approximately) the field 
distribution becomes very non-uniform, indicating the presence of excess 
charge in the layer which has come from the cathode contact. The anode 
contact is not shown in the figure but there the field must fall rapidly to zero 
through the heavily doped anode region. 


5 


nm oO fh 


Normalised electric field EIE, 


O 2 4 6 8 10 
Normalised distance (eno/eeg Fy) x 


Fic. 7.2. Electric field E(x) versus distance x from x = 0 where E(0) = O. The current 
density j for the different curves is measured in units of jm = moe, and the electric field in 
units of Ey. Distance is measured in units of 


sto Er (Ref. 2) 
eno 


At any point in the crystal the electric field E(x) is seen from Fig. 7.2 to 
be a monotonically increasing function of the current density. A corollary of 
this is that the voltage across the whole device J§ Edx is also a monotonically 
increasing function of the current density 7. In other words the terminal I-V 
characteristic has everywhere a positive slope, as shown in Fig. 7.1. 


7.2.2 THE SMALL SIGNAL IMPEDANCE OF D.C. STABLE DIODES 


In a first approximation of the small signal behaviour, we can again neglect 
diffusion and energy transport. This means that the average velocity v(x, t) 
and the electron temperature T(x,t) are instantaneous functions of the 
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electric field E(x, t) so that we can relate small changes in velocity and field 
according to 
Ov(x, t) = C(x) dE(x, t) (7.10) 
where ((x) = 00/0E, the slope of the drift velocity—field characteristic. 
The small signal fluctuations are also governed by Poisson’s equation 


See Gaia 
Ox Eo 


on(x, t) (7.11) 
and the continuity equation 
0 7) i _ 

Gy On th=- ae [n(x)60(x) + 0(x)dn(x, t)]. (7.12) 

Combining these equations and introducing Fourier transforms such that 
al co 
on(x, t) = 5 I 6n(x, w) e~ 1° daw (7.13) 

etc., we arrive at the following differential equation for dE(x, w) 


5(x) a 5E(x, w) + (2(x) — jo ]5E(x, w) = = 5C(x) (7.14) 


where P(x) = — n(x)C(x) (7.15) 
0 


and 6C(q) is the Fourier transform of the small signal current (including 
displacement current). 

The Fourier transform of the small signal voltage across the sample 
length, L, is 


dW (w) = [ ee, w) dx. (7.16) 


Using this together with Eqn (7.14) and applying the boundary conditions 
6E(0-,w) =0, we obtain the following expression for the small signal 
impedance: 


Z(w) = we = [ex ie dx : exp {- |" dx{2(x) - joo} 


d(x2) 
(7.17) 


Since the integrals of (7.17) are well behaved for all admissable functions 
v(x), €(x) and for all finite values of w, it can be concluded that Z(w) has no 
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singularities for finite w. A corollary is that the device is always stable against 
small signals when operated under constant current conditions. 

The very complex expression for the small signal impedance can be 
considerably simplified if the assumption is made that 0(x), &(x) can be 
approximated by constant average values 0, between x = 0, L. In this case 
Eqn (7.17) can be integrated to give 


P et+s-—1 
Ze) = = (7.18) 
EEqvD S s=L(G—iw)/o 


This simple expression can readily be examined to give an approximate 
insight into the stability of the diode against small fluctuations when driven 
from a constant voltage source. Because it has a denumerable number of 
zeros, it can be unstable when at least one zero of the impedance function 
crosses over into the upper half of the @ plane, or into the right half of the 
Ss plane. 

With the exception of S = 0, the zeros of Z(w) correspond to zeros of 


Ks) =e +s5-—1. (7.19) 


Putting s = « + jf and separating f(s) into real and imaginary parts, we see 
that the zeros S, satisfy 


e-*cosB, = 1—«, (7.20) 
e-* sin B, = B,. (7.21) 
From which it follows that 
o, = — slog [B,” + (1 ~ a,”)] (7.22) 
4 1 
ia = nm — sin~*[(1 — a,) e*] (7.23) 


which can be readily solved iteratively for «,, B,. In the w plane the zeros of 
Z(q@) occur at 


Sh = tf, — HC — tty/L). (7.24) 


When the bias voltage is well below threshold, @ has its positive, low field, 
value and all zeros of a, lie in the lower half plane. 
As the bias is increased 2 steadily decreases and the first zero of w to cross 


THE BULK NEGATIVE CONDUCTANCE AMPLIFIER 209 


into the upper half plane is w, and this occurs when 

= 2 

C< as! (7.25) 
a, = — 2:09 so that 


7.26 
dE enoL as 


Now (d/dE) log v(E) will be a negative quantity in the region of interest, so 
that Eqn (7.26) can be rewritten 


2:09 


‘el(d/dE) log 5(E)| (7.27) 


NoL > 


Thus we see again the importance of the n/ product in determining device 
behaviour. Evaluation of the maximum modulus of the differential for 
typical GaAs material at room temperature yields a value of around 
5 x 10'!cm~”. This means that, when this simplified analysis is applicable, 
devices with nl products much less than 5 x 101! cm~? will always be stable. 
Equally, devices with very high z/ products will be unstable immediately 
dv/dE becomes negative. A more detailed and exact description of stability 
will be left until Section 7.2.4. 


7.2.3, THE FREQUENCY DEPENDENCE OF THE SMALL SIGNAL IMPEDANCE 


Referring back to our simple expression for the impedance, Eqn 7.18, we 
can separate Z(q) into its resistive and reactive components. Thus: 


R(@) = = (w? — 01 - =e =e SP cos <2 


+ fw [=P - ein 2 |} [ter - or? + a0 7] (7.28) 
v Le mer ane 
X(a) = Je { —o [1 - F-— ert cos] + 


(w? — C7) |= —e 4? sin pat I} /c@- w*)? + 407m]. (7.29) 


For ¢ > 0, R(q) is positive for all real w. 
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oy) Lo 
R(@) = 1 — cos —— 7. 
(@) ae. ( cos — (7.30) 
which is never negative, but does go to zero at the carrier transit frequency 
b/L and at all harmonics ofit. If § < 0 then R(q) is negative near to the transit 
frequency and harmonics. 
From the above, and Eqn (7.25), we can see that there will always be a 
range of negative resistance, without instability, defined by 
a ,€EQU Oo 
<— <0. 7.31 
engL 0E 3) 
However with increasing m/ product the range of bias fields for which this 
condition can be met decreases rapidly. 
From Eqns (7.28) and (7.29) the conductance 


R(o) 4 it 2 X(@) 
"R2(o) + X2(@) and capacitance w R2(@) + X7(a) 


have been computed by McCumber and Chynoweth (Figs 7.3, 7.4) for several 


Conductance 


O (a 4 6 8 10 
Frequency, f/f, 


Fic. 7.3. Conductance G(aw) versus frequency normalized to the transit frequency 
4-82), 


The parameter is a.‘?? 
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values of the dimensionless parameter « = Lf/d. In all cases G(w) is seen to 
be periodic in frequency with the period of the transit frequency. 

For « = Oi.e. £ = 0, the conductance is seen to be on the verge of becoming 
negative. For negative a, <0, the negative conductance bands appear. 
The greatest value of the negative conductance is obtained near to the transit 
frequency. Clearly the maximum conductance available will increase steadily 
as a approaches the value «, = — 2:09 when the device will have reached 
the limit for stability. On this very approximate model note that ranges of 
negative conductance exist up to the highest frequencies. From Fig. 7.4 the 
effective capacitance is also seen to vary considerably with frequency for 
values of « approaching — 2-09. 


Effective shunt capacitance 


Frequency, f/f, 


Fia. 7.4. The effective shunt capacitance versus normalized frequency. Parameter a"? 


A more exact numerical computation has also been carried out by Mc- 
Cumber and Chynoweth based on their model, outlined in Section 7.2.1, 
and thus including the effects of energy transport, diffusion and the non- 
uniformity of the field in the samples. The computation was for two samples, 
each 200}1m long, having carrier concentrations of 10° cm~? and 1074 cm~? 
i.e. nl values of 2 x 10%! and 2 x 10'?cm~?. The results are shown in 
Figs. 7.5-7.8. Several points are worth noting. Firstly, the sample with n/ = 
2 x 10!2 became unstable at an average field in excess of 3100 V/cm. 
consistent with the indications given by Eqn (7.31). Secondly, the negative 
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conductance ranges are seen to be damped out as we go to higher frequencies 
—the same calculations, but neglecting diffusion, yield almost identical 
curves to Figs 7.5—7.8, so that it appears that for these samples diffusion 
does not account for this damping. However, calculations by Kroemer™? for 
samples with zero doping show the importance of diffusion in that case in 
damping out the high frequency negative conductance ranges. Thirdly, the 
field distribution in the sample with n/ = 2 x 10!” was essentially uniform 
while for the n/ = 2 x 101! case it was very non-uniform—thus the carrier 
transit frequencies in the two cases were quite different, accounting for the 
different frequency ranges for which negative conductances are obtained. 
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Fic. 7.5. Conductance G(w) in mhos/cm? of sample cross-sectional area for 200um sample 
of GaAs with np = 10'3cm73, Three curves are shown corresponding to average bias 
fields of 3250, 4000 and 4750 V/cm.‘ 


While detailed numerical computations, such as those giving the results 
first described, provide the most accurate description of the small signal 
behaviour, it is nevertheless extremely valuable to have analytic approxi- 
mations for the impedance. Such analytic forms allow a more ready insight 
into device behaviour. Equation (7.18) is one such form which followed 
from rather severe approximations. A number of authors‘*~® have made 
various less severe approximations and arrived at impedance descriptions of 
consequently increased complexity. Most have neglected the effects of 
diffusion, which appears reasonable when we note that its inclusion by 
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McCumber and Chynoweth (for higher n/ samples) made little difference, 
and that for undoped samples Kroemer'® has found it made little difference 
at least up to the first, and most significant, negative conductance region. It 
will be instructive to consider the simple analytic expression which has been 
derived by Kroemer for the case of zero doping. In this case all carriers 
present in the crystal are there by injection from the cathode. The model 
takes the inhomogeneous fields into account and neglects diffusion. It provides 
a simple impedance expression which has almost quantitative validity for 
samples with nl values well below critical. Since the approximations leading 
to Eqn (7.18) are almost reasonable for samples with n/ products near to 
and above the critical value (since for this range the injected space charge is 
small relative to the donor density, thereby leading to relatively uniform 
internal fields) these two expressions together bound the n/ range of interest. 


2-0 
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Fic. 7.6. Conductance G(@) in mhos/cm? of sample cross-sectional area for 200 an sample 

of GaAs with m = 10'* cm-3. Five curves are shown corresponding to average bias fields 

of 2900, 3000, 3050, 3075, 3100 V/cm. The sample is unstable for average bias fields slightly 
above 3100 V/cm.” 


From Poisson’s and the current continuity equations, Kroemer has 
evaluated the small signal impedance Z(m) by expressing quantities in terms 
of static and small signal terms in e“*. The assumption was made that v is 
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an instantaneous function of E. He obtained the following simple expressions 
for R(w) and X(@). 


RES + I “pias ide (7.32) 


(0) 


1 


] t 
aes ik cos w(t — €)dé — — (7.33) 


mo): = aC 


malo ee wale 
where & -| = is a partial transit time. t is the total transit time, €(@) and 
0 


C is the cold capacitance of the diode. 
Note that 


dx * nedx 865: (t= &EoE 
é o Dv iN nev J {, J (28) 


where Poisson’s equation has been used, and J is the d.c. current in the 
diode. 
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Fic. 7.7. Effective shunt capacitance in pF/cm? of sample cross-sectional area for 200 zm 
sample of GaAs with mo = 1013 cm~3, and for three values of the average bias field.‘?? 
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Fic. 7.8. Effective shunt capacitance in pF/cm? of sample cross-sectional area for 200 “m 
sample of GaAs with nop = 10'*cm73, and for five values of the average bias field.‘ 


Fic. 7.9. The (Ff) characteristic and the frequency dependent periodic weighting factor that 
determines the terminal device resistance R(w) according to Eqn (7.32). 
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Figure 7.9(a) shows how ranges of negative resistance in the undoped 
sample can be examined. It shows the two factors contributing to the inte- 
grand in Eqn (7.32). Equation (7.34) has shown that v(E) can be plotted as 
a function of ¢, for a given d.c. current. The sign of R(w) is thus determined 
by the product of the two functions integrated up to ¢ = t. It is clear that 
R(q) can only be negative for frequencies above half the transit frequency 
1/2t. For all lower frequencies the sine term is always positive, leading to a 
positive value of R(w). Only as the frequency exceeds 1/2t does the sine term 
become negative, beginning at low values of ¢. If we consider behaviour at 
the transit frequency 1/t we see that exactly the first half of the integration 
makes a negative contribution. By varying the bias voltage on the device, 
and thereby the current density J, the velocity—field curve can be made to 
lie in any position relative to the sine curve (Fig. 7.9(b)). From the approxi- 
mately known form of the v-E characteristic (Chapter 3) we can deduce that 
if the velocity reaches its maximum value sufficiently far inside the first half 
cycle (i.e. for sufficiently high bias), then the negative contribution to R(@) 
can exceed the positive, and a negative conductance will exist at the transit 
frequency 1/t for the range of bias values thus determined. Hence even an 
undoped diode will exhibit negative conductance at the transit frequency. 

From Fig. 7.9(a) we see that at a frequency of 3/2t the situation is unfavour- 
able for negative conductance, as will also be the case at 5/2t etc. while at 
even multiples of 1/27 the situation will be favourable. This is very much the 
same sort of result as was obtained in a first approximation, for the behaviour 
of a doped diode (Fig. 7.3). Figure 7.9 makes possible simple and ready 
evaluation of the approximate ranges of bias values and frequencies over 
which negative conductance can be expected in samples with n/ products 
well below critical. Note also that it allows ready evaluation of the effects 
of peak to valley ratio and the magnitude of the negative slope on the device 
behaviour. 


7.2.4 STABILITY 


Thus far we have noted that all diodes are stable against small signals when 
driven from a constant current supply, and have obtained the approximate 
condition that all are also stable when driven from a constant voltage supply 
as long as the n/ product does not exceed about 5 x 1011cm~?. A détailed 
analysis of the small signal stability has been carried out by Holmstrom”? 
on a model neglecting diffusion but taking into account field non-uniformities. 

Figure 7.10 shows Nyquist diagrams of R(w) and X(@) obtained for 
several values of n/ and bias current, and for a piecewise linear approxi- 
mation of the v-E characteristic. The stability of the impedance function 
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(a) 
R (w) 


Fic. 7.10. Nyquist diagrams of resistance and reactance as a function of frequency for Gunn 
diodes. Values are normalized to the low field d.c. resistance Ro, and frequency is in units of 
1/t4 where tg is the dielectric relaxation time. Plots are shown for differing values of the 


parameter 
Li( = aa 1) 
&&o Er " 


and the normalized current density J'(=J/no edm). (a) L' = 3:0, Jt = 1:1; (6) Lt = 4-0, 
Jt =1-1; (c) L! = 3-0, J? = 1-2; (d) L! = 4.0, J? = 1-2. 
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can be examined by calculating impedance along the real w axis from w = 
— © to a= + © and then closing the path with an infinite semicircle in 
a clockwise direction; since the diodes are capacitive at very high frequencies, 
the infinite semicircle maps into an infinitesimal semicircle about the origin 
in the right half of the Z(@) plane. Completing the Z(w) curve in Fig. 7.10d 
in this way, for example, leads to the impedance function encircling the 
origin twice R(—w) = R(w); X(—@) = — X(@). From Nyquist’s theorem 
the device will thus be unstable, when operated from a zero impedance 
source. It will still oscillate if operated in series with another (load) impedance 
if the Nyquist diagram for total impedance still circles the origin. It is clear 
from Fig. 7.10d that too large a series resistance or series reactance will 
prevent oscillation. By the same token, if we operate a device with Z() 
diagram as in Fig. 7.10(b,c) in series with appropriate reactances this can 
lead to the total impedance encircling the origin and consequent instability. 
In theory any diode which has a range of negative resistance can be so tuned 
that it will oscillate (we refer here of course to small signal oscillations). 


Z(w) has lower 
half - plane zeros 


R(w) sometimes 
<O 


2:0 4-0 6-0 8-0 10-0 


Fic. 7.11. Diagram summarizing the impedance behaviour of diodes with products from 
2x 10!° cm~? to 2x 101! cm~?, corresponding to values of L' (as defined in Figs 7.1, 7.10) 
from 1 to 10 approx. 


Figure 7.11 summarises the impedance behaviour of diodes with z/ values 
from 2 x 10!° to 2 x 10!4cm™~?. Reference to Fig. 7.1 earlier will allow an 
equivalent description of device behaviour in terms of normalized current 
rather than normalized voltage. Operation has to be above the lower curve 
in Fig. 7.11 to obtain a negative resistance over some frequency range or 
ranges. Operation above the upper curve will lead to instability. The figure 
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gives us a clear indication of how the allowable bias range for stable ampli- 
fication decreases rapidly as n/ increases. For nl approximately less than 
8 x 101° we see that all devices are stable for all bias values (unless reactively 
tuned). Note also that for the higher n/ values, the range of bias voltages 
over which stable amplification is possible can be greatly increased by the 
inclusion of a series resistor. In this way we can even stabilize samples with 
high n/ products against small signal fiuctuations. They may not however 
be stable against large fluctuations and a domain oscillation may occur. 


7.2.5 GAIN CHARACTERISTICS OF THE LOW nl NEGATIVE CONDUCTANCE 
AMPLIFIER 


So far we have concentrated on the basic aspects of the small signal negative 
resistance. We now wish to make the overall picture more complete by 
examining the type of gain characteristics such amplifiers will provide and 
the factors which influence them. 

Firstly we consider how the negative conductance varies with bias voltage. 
We can expect that the magnitude of the negative conductance will depend 
upon the relative lengths of the region of positive and negative differential 
mobility. Clearly for a given sample this will vary with bias. For a sample 
which remains stable for all bias levels (nl < 8 x 10°, from Fig. 7.11) when 
at high bias values the low slope mobility at high fields will result in a small 
value for the terminal negative conductance, if indeed any negative con- 
ductance exists. The negative conductance versus voltage characteristic will 
therefore pass through a maximum as the bias is increased beyond the voltage 
at which it first appears. This behaviour is indicated in Fig. 7.12. Consider- 


Negative conductance o 


Bias voltoge V 


Fic. 7.12. Typical negative conductance versus bias voltage dependence. 


ation of Fig. 7.9 for the special case of zero doping will confirm the form of 
the o_-V relationship. The actual o_-V curve will of course depend on the 
particular value of n/® since this controls the internal field profile. If 
we consider operation at higher values of n/ than 8 x 10° (Fig. 7.11) then 
the maximum negative conductance obtainable is limited only by how close 
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we choose to operate to the bias at which the sample becomes unstable and 
oscillates, 

We have already seen that the important negative conductance range 
occurs around the carrier transit frequency. This quantity is very dependent 
upon bias voltage and internal field profile (determined by the n/ product), 
so that its actual value for a given sample length can vary widely as shown for 
example in Figs 7.5 and 7.6. The frequency at which the maximum negative 
conductance is observed in a given diode will fall somewhat with increasing 
bias voltage.” 


Gain versus Frequency 


This is the quantity of real interest to us. The diodes are most commonly 
used as reflection amplifiers in transmission line circuits“®) as shown in 
Fig. 7.13. The circulation serves to isolate input and output circuits. If the 
transmission line admittance is Yo and the diode admittance Y(q) then the 
amplifier gain is 


Yo — Y(@) 


Y + Y(o) . (7.35) 


Reflection gain = 
Since the transmission line is usually matched, Yp is purely real and can be 
replaced by its conductance component Gy. Then 


2 


Se (7.36) 


Power gain = G+ Y¥(o) 


The actual magnitude of the gain is thus critically dependent upon the 
susceptive component of the diode admittance and the transmission line 
conductance, as well as on the magnitude of the negative conductance. The 
bandwidth of the amplifier also depends critically on the relative magnitudes 
of these quantities as well as on their frequency dependence. 

Figure 7.14 shows a typical experimental gain-frequency characteristic 
for frequencies in the first negative resistance range of the particular diode 
used. It can be seen that as the bias voltage is raised above threshold 
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Fic. 7.13. Schematic of reflection amplifier. 


THE BULK NEGATIVE CONDUCTANCE AMPLIFIER 221 


amplification is obtained in accordance with the forms of the G(w) and B(w) 
characteristics described earlier and Eqn (7.36). With increase of bias field 
above 3600 V/cm this device became unstable and broke into oscillation. 
Note the rapid decrease in amplifier bandwidth as the maximum gain 
increased. 

An important question which arises is what value of n/ should be chosen 
for a practical amplifier. For an n/ value which is too low, the ratio R(w)/Ro 
falls, since less and less of the sample is in the negative slope region due to 
the considerable internal field inhomogeniety. Hence operation becomes 
very inefficient. Secondly the currents flowing through these divices at the 
transit frequency are largely capacitance so that even small parasitic series 
resistances in the device will have a large effect and may even prevent negative 
resistance being obtained. 
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Fic. 7.14. Gain versus frequency characteristics for different values of the average bias 
field 


The larger n/ values are thus to be preferred, subject to the stability re- 
quirements being met, and the power per unit area of device not being ex- 
cessive. Typically power gains of around 40 db have been obtained to date 
with saturation power levels equal to the power which the devices can deliver 
when operated as optimally tuned negative resistance oscillators.¢™ Con- 
version efficiencies are still only at the few percent level and much room for 
improvement remains. At the moment the amplifier is hampered by the 
material and device problems of producing uniform layers of high resistivity 
material and making good ohmic contacts to it. Thus if we take 5 x 10'! cm™? 
as a desirable n/ value and we want amplifiers to operate from, say 
2-20 GHz then we are involved with materials from 50 jim thick, 10 Qcm 
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through to 541m thick, 1 Qcm. At the moment only the latter requirement 
can consistently be met. 

For maximum gain at a given frequency, the device area is chosen to suit 
the impedance level of the system. The v/ product will be determined accord- 
ing to previous considerations. Thus in going to higher operating frequencies, 
the carrier concentrations must increase to maintain n/, and device area 
must fall to maintain the impedance level. In consequence there is once 
again a PZ f? = constant limitation imposed, where Z is determined by the 
impedance level of the system. 


7.2.6 THE HIGH nl NEGATIVE CONDUCTANCE AMPLIFIER‘?!+!2) 


By far the most impressive results from a negative conductance amplifier 
(indeed from any transferred electron amplifier) have been obtained with 
devices whose n/ products (1-2 x 1012cm~?) considerably exceed the 
maximum value of 5 x 1011cm~? deduced for a stable device from the 
simple analysis in Section 7.2.2. 

It has been shown possible to stabilize such high n/ devices by operating 
them at bias levels well beyond the threshold value. Just above threshold 
the devices exhibit the usual instability associated with devices having 
high nl products. However by raising the voltage further to exceed some 
critical value it is possible to stabilize the devices and operate them as 
amplifiers over a very wide bandwidth. The critical voltage is typically 
2:5 times threshold for continuous operation, and much higher for a pulsed 
device at low duty cycle. It thus appears that operating temperature plays 
an important role in determining the threshold for stabilization. 
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Fic. 7.15. Typical gain response of a high n/ negative conductance amplifier. » 


The devices used to make this amplifier have so far had thicknesses less 
than 20 microns and the wide-band amplifications has been obtained at 
frequencies approximately centred on the transit frequency. The devices 
are used in circulator coupled circuits as shown in Fig. 7.13 and present results 
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cover the frequency range 4-16 GHz. Amplification is linear with a dynamic 
range in excess of 90dB and single stage small signals gains are typically 
6-8 dB with instantaneous bandwidths of over 4 GHz. Saturation power 
outputs of individual devices in C.W. operation have exceeded 0-5 watt.” 

Figures 7.15 and 7.16 show typical gain-frequency and input power- 
output power characteristics for the high n/ negative conductance amplifier. 
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Fic. 7.16. Input power-output power characteristics for a single X-band C.W. negative 
conductance amplifier.“!! 


The conditions for stability in this amplifier, and the amplifier performance 
are notably different from the low n/ devices discussed in the previous section. 
The low n/ amplifier has been operated at voltages close to threshold (hence 
the power output of these devices is limited) whereas to achieve stability 
with the high n/ device much higher bias levels are required. The low n/ 
device has also had narrow bandwidth whereas the high n/ device has ex- 
hibited very broad band operation. At this point in time a theory has not 
been developed to explain the stability and wide bandwidth of the high n/ 
amplifier, but there is no reason to believe that its performance will not be 
understood on the basis of an analysis similar to that presented in the 
previous sections, but taking into account additional features as noted 
below. 

Firstly the simple stability condition derived earlier (nl < 5 x 10! cm™?) 
was based on the assumption that the internal field distribution was uniform 
and the applied bias level just above threshold—in fact the internal field can 
be highly non-uniform, and new stability criteria need to be developed for 
bias levels beyond threshold where the (d/dE)logo(£) term in Eqn (7.27) 
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can take on very different values. Secondly the calculation assumed that the 
device was operating at room temperature and calculations for different 
device temperatures are required (100-200°C are typical operating tempera- 
tures for a C.W. device) to take account of the temperature variation of the 
velocity field curves for the material.“ Thirdly the simple stability criterion 
was based on the assumption of zero load impedance whereas we know 
that it is possible to make a device having any n/ value small signal stable 
by choosing the load impedance to preclude an oscillating condition,“ 
as was indicated in Section 7.2.4, Finally, it may be that in the short devices 
used to construct this amplifier, diffusion may play an important role in 
determining stability. 

The criteria for stability in transferred electron devices are thus more 
complex than the simple rule n/ < 5 x 10'!cm~? implies, and a detailed 
understanding of the high n/ amplifier may well follow from considerations 
of the field and load dependence of the stability criterion, and the inclusion 
of temperature and diffusion effects. 

The high C.W. powers, wide bandwidths and moderate noise figures 
(15 dB at C- and X-bands) obtained with those amplifiers represent a con- 
siderable potential for application in broad band systems, for example, as 
solid state replacements for travelling wave tubes. 


7.3 THE TRAVELLING WAVE AMPLIFIER 


An early estimate of the critical n/ product (Chapter 4) was based on limiting 
the growth of small signal fluctuations as they traverse the crystal, being 
convectively amplified by the negative slope characteristic. In this Chapter 
we have so far examined the small signal impedance of stable diodes and 
have seen that narrow band amplification can be produced by using the 
negative real parts of the impedances of the diodes. These same diodes can 
be used to produce broad band amplification by coupling the input directly 
to the drifting electrons.“>) This method of using the diodes is indicated 
schematically in Fig. 7.17. The input signal injects a space charge wave on 
the electron stream which is convectively amplified as long as the local 
electric field is in the negative slope range. This mode of amplification is 
clearly broadband, and the space charge growth factor G is given by 


x2 
G = exp | ee 


x &€o 


ao 
dE 


where X;, X2, are the positions of the input and output ports respectively. 
The growth available is clearly limited since the small fluctuations which 
may grow to domains are also being amplified by a corresponding factor. 
Assuming that the fluctuations which grow to become domains originate 
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at the cathode, we have the advantage that they must traverse the whole 
crystal, whereas the signal ports can be arranged to straddle only the region 
where space charge growth occurs. The maximum gain will occur as we ap- 
proach the condition for instability. At this gain level the maximum power 
input to the amplifier will probably be limited to a value which will preclude 
the formation of a domain from the injected signal. This amplifier will 
therefore have to operate at low signal levels. For lower n/ (and therefore 
lower gain) values, larger input signals can clearly be accepted. 


r.f.In rf. Out 


Fic. 7.17. A typical configuration for the space charge wave amplifier. 


One of the main problems with this type of amplifier is matching at the 
input and output ports. Present results include a net gain of 28 dB at 9-2 GHz 
with a saturation power level of 0-2mW and a noise figure of 25 dB.°® 
Net gains have also been observed up to 20 GHz. 


7.4 THE TRAVELLING DOMAIN AMPLIFIER 


In both amplifiers discussed so far, an essential requirement for operation 
was the stability of the diode. The types of amplifier to be discussed in the 
next two sections involve diodes which are simultaneously oscillating. If 
we consider the terminal voltage and current for a diode oscillating in a 
stable domain mode, as outlined in Chapter 4, then we see that as the terminal 
voltage is increased, there is a reduction in current through the device. We 
have therefore a terminal negative resistance in the presence of the travelling 
domain. The negative resistance appears for frequencies from d.c. up to the 
highest frequency at which the domain can respond to the applied voltage, 
so that we have a very broad band amplifier. Furthermore, since with this 
amplifier we are dealing with domains, signal amplitudes and saturation 
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power levels can be much greater than those for the low n/ amplifiers. How- 
ever in view of the need for a simultaneous oscillation, circuit requirements 
are much more stringent in this case. 


7.4.1 SMALL SIGNAL IMPEDANCE 


The equivalent circuit for an oscillating diode has been indicated previously 
(Fig. 5.19). Using this equivalent circuit we can write the total device 
impedance (per unit area) as“” 


L AER ,. A(Ep — Ep) rs 
Noe + jMEE ( oe AVp Tes AVp : 


Z(@) = 


The upper frequency limit for this amplifier can be determined by evaluating 
the frequency at which the real part of Z(w) ceases to be negative. Thim has 
evaluated this approximately as 


LM 
5 eee L= aq (fo = Eo). 
The maximum value for Ep is the breakdown field, approx. 2 x 10° V/cm. 
Taking pu as typically 6000cm?/Vsec, then 
Oe L= 108 cm/sec 


ie. Soarlfi = 10. 


Thus the maximum frequency at which this amplifier can operate is about 
ten times the transit frequency f,. 


7.4.2 POWER AND EFFICIENCY 
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Fic. 7.18. Theoretical I-V characteristics for Gunn oscillators with a range of lengths and 
doping densities.” 
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Terminal I-V characteristics are shown plotted in Fig. 7.18 for a range of 
values of sample length and donor density. The dotted portions correspond 
to non-stable domain solutions. It is seen from these curves that the efficiency 
of operation is increasing as the diode length decreases, since as L->0Oa 
large linear negative conductance range is obtained for low d.c. drive power. 
In going to the lowest values of L we must increase mo correspondingly so 
that moL > 1017, as required by the domain oscillation. A practical limit 
will be imposed on the maximum value of m) by impedance and thermal 
considerations. The former is likely to be the more important so that the maxi- 
mum power obtained from the oscillator will be determined by the minimum 
attainable circuit impedance level, and will to a first approximation be 
frequency independent. 


7.4.3 CIRCUIT ASPECTS 


The amplification principle here is based on the propagation of a stable 
domain whose amplitude is affected only by the signal applied at the device 
terminals. However, the domain amplitude must vary during formation and 
collapse. Furthermore in the general case there will be an interaction with the 
circuit which will modulate the domain in transit. These factors will generate 
undesirable parametric effects. From the device viewpoint these can be 
minimized by going to high n/ products, thereby reducing the ratio of domain 
size to sample length. From the circuit viewpoint this entails operating the 
device so that it is near a voltage minimum at the frequency of Gunn oscil- 
lation. This places a constraint on the circuit design which results in a 
reduction of the amplifier bandwidth. In addition in order to maintain 
stability in the signal circuit, the source admittance presented to the diode 
must have a real part which is greater than the negative conductance of the 
diode. Ideally the oscillator and signal circuits should be decoupled. A 
simple circuit which has been used for this amplifier is shown in Fig. 7.19. 
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Fic. 7.19. A simple amplifier circuit.¢” 
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By arranging for the point P to be at a voltage minimum, parametric effects 
are minimized. However in this circuit we are restricted to frequencies below 
the waveguide cut-off to avoid undesirable susceptances in the signal circuit. 


7.4.4 PRESENT PERFORMANCE FIGURES 


To date relatively little work has been carried out to indicate the ultimate 
potential of these amplifiers in terms of maximum gain, saturation level and 
bandwidth. Thim“” has studied Gunn diodes with d.c. input powers at 
the several watt level in the simple circuit of of Fig. 7.19, and obtained 
bandwidths of around 1 GHz in C-band. He has also indicated that these 
diodes have saturation levels which approach their maximum power outputs 
as oscillators, indicating their potential as high power amplifiers. His results 
for several typical diodes are shown in Fig. 7.20. 
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Fic. 7.20. Gain characteristics obtained from a number of Gunn oscillators.“ 


7.5 PARAMETRIC AMPLIFICATION FROM GUNN DIODES 


It has already been established that the dipole layers of a domain constitute 
a capacitance within a sample. In an oscillating sample this capacitance 
is time varying so long as the domain does not reach a stable amplitude. 
In samples with low values of the n/ product a mature domain can never 
be formed and the domain capacitance varies continuously throughout 
the cycle. In samples with high n/ products (> 10’? cm~?) the capacitance 
may only vary as the domain is formed and as it is extinguished. In either 
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case, by virtue of the Gunn oscillation, a self pumped capacitance appears 
at the device terminals, and this may form the basis of a very simple para- 
metric amplifier. 

This has been shown experimentally.“1®!® Figure 7.21 (a) shows the circuit 
which has been used to produce a maximum gain of 30dB for signal fre- 
quencies in X-band.“1® The 6 wm sandwich device used in this experi- 
ment generated a Gunn or pump frequency of about 17 GHz. The separate 
pump, idler and signal circuits are all coupled through the diode as shown in 
the equivalent circuit representation of Fig. 7.21(b). The gain bandwidth 
product of the amplifier was 50 MHz and a minimum single sideband noise 
figure of 18dB was measured. Gain compression of 1dB occurred at an 
output of 5 dBm which is to be compared with the figure of 13 dBm for the 
output of the device operating as an optimally tuned Gunn oscillator. 
Other workers“) have constructed a degenerate parametric amplifier 
using an X-band Gunn diode and have operated it with gains in excess of 
20 dB at C-band signal frequencies. 
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Fic. 7.21. (a) Microwave circuit foran X-band Gunn parametric amplifier; (b) An equivalent 
circuit of the transferred electron, self-pumped paramp.‘!® 
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The capacitance time characteristic depends strongly on such features as 
the n/ product of the device, the bias voltage and the tuning of the micro- 
wave circuit. A proper optimization of these quantities has not yet been 
attempted and should lead to much improved gain bandwidth figures for 
the Gunn parametric amplifier. Noise performance will certainly improve 
by going to higher frequencies than those mentioned above. Saturation power 
levels will inevitably lie somewhat, but not appreciably, below the maximum 
power levels for operation as an oscillator—the limits on these have been 
outlined already in Chapter 4. 
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Chapter & 


Noise 


8.1 INTRODUCTION 


The noise performance of transferred electron devices has received brief 
attention which is sufficient to allow assessment of their performance in 
practical systems applications. Very little investigation of the fundamental 
origin of the noise has been carried out. The following sections will point out 
the large proportion of frequency modulation noise in Gunn oscillators and 
the practical solution for it’s reduction, the poor noise figures for transferred 
electron amplifiers and will finally give brief consideration to electron density 
fluctuations in the bulk of gallium arsenide. 


8.2 NOISE IN GUNN OSCILLATORS 


A consistent feature of all measurements"':”? of Gunn oscillator noise is the 
much greater magnitude of the frequency modulation component compared 
with the amplitude modulation. The power variation of the latter component 
with modulation frequency is illustrated in Fig. 8.1. It is comparable with a 
good quality local oscillator klystron and has not caused difficulty in the 
performance of systems using the device. Indeed, some results have been 
given'??) where system performance has been improved. The noise power in 
Fig. 8.1 is the sum of that occuring in a 1 Hz bandwidth in both sidebands at 
a frequency f,, from the centre or carrier frequency. Various different 
presentations of the noise power are currently in use. The specification may 
be for one sideband only when the noise power will be half that in Fig. 8.1. 
Different noise power bandwidths are used by different authors. The scaling 
factor for the noise power is directly proportional to this bandwidth. 
Before discussing the f.m. noise performance it is necessary to identify 
two different modes of presentation. The first one is the same as for a.m. 
noise where the noise to carrier power ratio is presented as a function of 
modulation frequency. In this case the integral of the noise power over all 
frequencies is the total power output of the oscillator. This presentation 
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may seem to have a good physical basis but it is not usual to directly measure 
it to describe the performance of devices in systems such as doppler radar. 
The second mode of presentation is based on the definition of the depth of 
modulation in a frequency modulated signal. The noise power in a given 
band width is equivalent to the sideband power produced by a pure modula- 
ting sine wave at the same modulating frequency. The noise power measure is 
taken as the depth of modulation of the carrier (the frequency deviation) that 
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Fic. 8.1. Amplitude modulation noise to carrier power ratio in sidebands in a 1 kHz 
bandwidth as a function of modulating frequency.“ 


is necessary to produce this equivalent amount of power. When the depths of 
modulation by ail noise components is small a simple relationship exists 
between the two modes of presentation as shown below. The small signal 
approximation is one where only the first f.m. sidebands caused by any 
modulating signal contain a significant power. The voltage V of a carrier wave 
frequency modulated by a single frequency is: 


V = Acos {ans + Locos (2nf,,t + >) (8.1) 


where A is the amplitude, fis the carrier frequency, Af, is the peak frequency 
deviation, f,, is the modulating frequency and ¢ is a phase constant. When 
Afplfnm < 1 Eqn (8.1) may be expanded to give:- 


V=A {cos 2nft — se 


.sin[2n(f + f,,t + ] 


~ =? sin[2n(f—f,)t -$]} (8.2) 
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The single sideband to carrier power ratio is (Af,/2/,,)” from Eqn (8.2) so 
that the equivalent noise, N, to carrier, C, power ratio in decibels is: 


(c) 47 8 (572) 


It is more usual to specify the r.m.s. frequency deviation Af... (= Af,//2) 


Equation (8.3) shows that the N/C power ratio is proportional to the square 
of the ratio of the frequency deviation and modulating frequency. This 
causes the two presentations to have different graphical slopes. In particular, 
the simple case of a “‘white’” noise modulating spectrum causes A/f,,,,. to 
be independent of f,, in the frequency deviation mode of presentation, while 
the noise to carrier power ratio decreases at 6 dB/octave with increasing 
modulation frequency. The two presentations are illustrated in Fig. 8.2. 
A further point can be drawn from the above analysis. The frequency devia- 
tion is proportional to the square root of the noise power. In comparing 
f.m. noise results in the frequency deviation presentation it is necessary to 
scale the frequency deviation with the square root of the ratio of the noise 
measurement bandwidths. 

The frequency deviation presentation of f.m. noise data is usually the most 
suitable for Gunn oscillators. Most measurements are carried out with a 
microwave discriminator which detects the frequency deviations by conver- 
ting them to amplitude deviations so that demodulation can be carried out 
with diode detectors. This process then allows a measurement of the noise 
power in a narrow bandwidth at a variety of modulating frequencies by a 
low frequency (audio and video range) spectrum analyser. Without any further 
consideration of the detection system or the noise properties the results may 
be expressed as an equivalent frequency deviation caused by a single modu- 
lating frequency. If it is wished to convert the results to the noise to carrier 
power ratio it is necessary to know further details about the noise spectrum. 
If any noise modulation frequencies exist at which the small signal criterion 
given above is not met, then the noise power which has been measured may 
contain a contribution from higher order sidebands of other (lower) modula- 
ting frequencies. Until this possibility has been eliminated it is not justifiable 
to use the transformation of Eqn (8.3), and the required transformation is 
unknown until further noise details have been determined. We will use the 
frequency deviation presentation throughout because Gunn oscillators have 
a large proportion of their noise power at modulating frequencies close to 
the carrier. The noise power increases with decreasing modulation frequency 
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& = ~ 2logio ( (8.3) 
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more rapidly than is the case for a white noise spectrum.” In this situation 
it is not immediately obvious that A/f,,, ./f,, is much smaller than unity for 
the lower modulating frequencies. 

Typical measurements of the f.m. noise are illustrated in Fig. 8.3 and 8.4. 
If the noise originated from a white noise source (such as Johnson noise?) 
the frequency deviation would be independent of the modulating frequency. 
The preponderance of noise at frequencies close to the carrier frequency 
without any clear reproducibility from device to device (as may be verified 
from the results in references 1 and 2) suggest that a flicker noise modu- 
lation process may be operating. Flicker noise is characteristic of imperfec- 
tions of device technology such as electron trapping at impurities within 
the bulk of a material or surface and contact effects which cause a correlation 
of an individual electron’s behaviour over an appreciably longer period of 
time than the time scale of desired effects in the device under consideration. 
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Fic. 8.2, Comparison of the two frequency modulation noise representations for a 
hypothetical ‘‘white’’ noise source. 


Frequency change (kHz) 


NOISE IN GUNN OSCILLATORS 


Operating voltage ‘l4V 
Saturation current .:38mA 
Oscillation eae: 2 pele 


Output power 4 mW (a) 
10 20 330) or 50 60 70 80 90 
Time (min) 

ite) 
é 
el 
“F 
q 

(b) 
mal sin: Ie) 100 
fn (kHz) 


235 


Fic. 8.3.(a) Long term frequency stability of a coaxial cavity Gunn oscillator.?2” (b) F.m. 
noise in both sidebands in a 1 Hz bandwidth for a coaxial cavity Gunn oscillator.” 
(Crown Copyright, reproduced by permission of the Controller of Her Majesty’s Stationery 
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Fic. 8.4. Comparison of (a) f.m. noise and (b) current noise of a Gunn oscillator (A.S.M. 
106CXY). Aff.m.s.) is measured in unit bandwidth of f,, and the current;noise power is 
expressed relative to the current shot noise power in a p — n junction carrying’the same d.c. 


current. 
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It is usually characterised by a noise power which decreases with an inverse 
low power of the frequency (often referred to as 1/f noise). In addition to low 
frequency fluctuations introduced by the above correlation effects another 
mechanism may arise from flicker noise in Gunn diodes. The slow local 
electric field variations associated with the noise may cause the domain 
nucleating site to “jump” between various sites. The variation of domain 
transit time which would result would cause a frequency fluctuation. 

If a flicker noise source is operative it is a reasonable hope that the f.m. 
noise power will be reduced as the material technology of GaAs is improved. 
Results indicating such a trend in the surface preparation have been obtained 
by Kuhn.?°) He found a considerable decrease of current noise and f.m. 
noise when the surface of the devices was etched. The improvement was 
reversed by treating the surface with H,0,. The ultimate material ideal is 
one where the total electron population suffers no appreciable fluctuations 
in total number due to recombination of electrons with donors, holes or 
impurities. The bandgap of GaAs is sufficient to ensure the second condition 
at room temperature and the material technology is required to satisfy the 
first and third conditions. When such a state of the material art is achieved 
the statistical fluctuations of electrons in ideal material are left as fundamental 
limitations.“ These do not appear to have been achieved at the time of 
writing and are considered later. 

Attempts have been made to correlate the low frequency current fluctua- 
tions through a device with the frequency fluctuations in order to verify 
the presence of 1/f current noise as the origin of the f.m. noise. A strong 
correlation was observed as illustrated in Figs. 8.4 and 8.5. It is possible that 
the current fluctuations are caused by the frequency fluctuations themselves 
and are simply a different manifestation of the f.m. noise. This possibility 
has been checked by frequency modulating a cavity controlled Gunn oscil- 
lator with a varactor and observing the resulting current fluctuations.‘* In 
general this current modulation effect is too small to account for the quant- 
itative correlation of fm. and current fluctuations, but in some cases 
may cause an appreciable perturbation of the observations. The coupling 
coefficent between frequency and current fluctuations is typically 10* MHz/A 
in a coaxial cavity with small stored r.f. energy but may be as small as 
10? MHz/A in a waveguide cavity with a larger stored r.f. energy. Two 
coupling mechanisms have been proposed to explain the magnitude of this 
coefficient. Meade‘? suggested that carrier density fluctuations would cause 
both a current fluctuation and a frequency fluctuation. The latter arose from 
capacity variations of the dipole domain assumed to exist in the device as its 
width varied in sympathy with the carrier density. Good agreement was 
obtained between the experimental and theoretical results considering the 
simplicity of the model. 
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Hobson and Latham?” examined the possibility that the current fluctu- 
ations would cause temperature fluctuations in the active region of the 
diode which would alter the frequency through its temperature dependence. 
This model should show considerable differences in the correlation of current 
and frequency fluctuations for modulation frequencies above and below 
the inverse of the thermal relaxation time of the diode. This is typically 
200 microseconds?® in a diode which is not “‘flip-chipped”. The measure- 
ments showed that there was not a large difference of the coefficient for 
these two conditions and at most there was a 20% contribution from such 
effects. The diodes with the largest rate of change of frequency with tempera- 
ture (d f/dT) were expected to show the largest differences in their low and 
high modulation frequency coefficients, but their spectral dependence was 
much more complex and not reproducible from diode to diode. It is now 
thought that the large df/dT is related to imperfect contact technology so 
that other “pathological” effects not considered may have been occuring 
in such diodes. The absence of a strong modulation frequency dependence 
of the coupling coefficient is consistent with Meades model and it would 
appear that space charge fluctuations are the responsible agency. 


Fic. 8.5. Correlation of current noise and f.m. noise.“ Voltages proportional to the 
instantaneous frequency and current are applied to the X and Y axes respectively of the 
oscilloscope. 


An effect which may play an important part in the f.m. noise fluctuations 
is the decreasing ease with which a Gunn oscillator may be frequency modu- 
lated by external bias voltage variations as the modulation frequency in- 
creases‘°) (Fig. 8.6). This frequency dependence appears to be linked to ther- 
mal relaxation effects, as mentioned in the previous paragraph. It was such 
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effects which suggested the thermal coupling mechanism. The effect of this 
frequency dependence is not clear but any spurious internal current or 
voltage fluctuations in a device may be excited most strongly at the low fre- 
quencies where thermal variations may occur. It should be pointed out that 
even though the frequency to current coupling coefficient is substantially 
frequency independent, both of the fluctuations show a reduction at the 
higher modulation frequencies. 
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Fic. 8.6. Typical bias circuit modulation properties of a Gunn oscillator 
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Fic. 8.7. Bias hysteresis of current and power output.‘” 
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If the noise source was predominantly a current fluctuation a low noise 
constant current bias supply may be expected to reduce the frequency 
fluctuations. Experiments with constant voltage and constant current bias 
supplies have given similar f.m. noise performance” so that the more 
convenient constant voltage supply is preferable. 

Most measurements have been made with devices operating close to their 
optimum power output conditions. These are not necessarily the optimum 
conditions for low noise. Most cavity controlled Gunn oscillators exhibit 
a hysteresis in the relationship between power output and bias voltage (Fig.8.7) 
This is particularly so for full height waveguide cavities with a diode mounted 
on a post across the waveguide and the power output coupling adjusted to 
give near to maximum output power. In the region which is only achievable 
with decreasing bias voltage (this is an unstable region which requires care 
in cavity adjustment for its achievement) the f.m. noise output is often 
smaller’®) than that when the device is biased to give optimum power 
output at higher voltage. The power output is also lower but not substan- 
tially so. As can be seen in Fig. 8.8 the current noise through the device 
does change by a small amount during these adjustments but the predominant 
effect is a weakening of the ratio of f.m. noise output to device current 
noise. The reason for this improvement is obscure. 
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Fic. 8.8. Variation of f.m. noise and current noise as bias voltage is decreased for the diode 
used in the results of Fig. 8.7. 


The cavity design also plays an important part in f.m. noise reduction 
because of the frequency control which it exerts upon the diode. The phase 
of the voltage and current waveforms generated by the device have a random 
fluctuation with respect to the device controlling waveforms associated with 
the r.f. energy stored in the cavity. This phase fluctuation arises from the 


240 NOISE 


internal noise source (unspecified here) within the device. As a result of these 
phase fluctuations the phase of the cavity control waveform suffers a 
sequential random fluctuation as some energy is delivered to it by the device, 
and the equivalent amount is delivered to the load. These sequential phase 
deviations are small if the energy stored in the cavity is much greater than the 
energy delivered to the cavity during one cycle of oscillation.“ Therefore the 
loaded Q factor of the cavity must be as-large as possible for low noise 


(a) 


(b) 


Fic. 8.9. (a) Output spectra of a coaxial miniature Gunn oscillator (in centre) and a CV2346 

klystron (on right) displayed on a Hewlett Packard 851A/6551A spectrum analyser. The 

total width of the trace corresponds to 100 kHz.‘?”? (b) Similar comparison in waveguide 

circuit. (Crown Copyright, reproduced by permission of the Controller of Her Majesty's 
Stationery Office). 
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operation. It should be noted that a high Q alone is not sufficient to ensure 
low noise. The loaded Q factor is 


_ 2x x (energy stored in cavity) 
~ (total energy dissipation per cycle) 


Qr 


and is ambiguous. It contains both the stored energy (which is the fluctuation 
smoother) and the energy dissipation. The latter is related to the operating 
conditions of the device and its instability mechanism. High stability will 
not necessarily be obtained if Q, is made large by reducing the power dis- 
sipation without increasing the stored energy. 

An alternative way to arrive at the same conclusion is from the rate of 
change of cavity susceptance with frequency, 0B/dw. If 0B/dw is large then 
a small impedance fluctuation by the oscillator diode is compensated for by 
a small change of frequency to maintain the resonance condition. For a 
simple cavity in which the susceptance is separately identifiable from loss 
(or generation) components the high Q, condition is consistent with a large 
6B/dw.2) For such a cavity Q, is given by 


a= (>) (8.4) 


ao. 


where @, is the oscillation frequency and G the equivalent loss conductance 
in parallel with the cavity susceptance B. 


TABLE 8.1. 


r.m.s. freq. deviation in Hzina 70 Hz 
band 10 kHz away from the carrier. 


A/2 A[2 2A 
GUNN coaxial waveguide waveguide 
DIODE cavity cavity cavity 
1 70 6:3 1-6 
2 70 6:3 2:5 
3 70 Vl — 
4 70 1-4 45 
5 70 1:6 5:0 


This high-Q design technique has been used to reduce the f.m. noise of 
an X-band Gunn oscillator to a level comparable with a good quality oscil- 
lator klystron.™ The reduction of the r.m.s. frequency deviation for several 
diodes operating in different cavities is illustrated in Table 8.1. The half- 
wavelength coaxial cavity had the lowest loaded Q-factor. The half-wave- 
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length waveguide cavity had a larger Q-factor (or stored energy) because 
of the increase of characteristic impedance as shown below. A further 
increase of stored energy occured in the 2-wavelength waveguide cavity owing 
to the volume increase. The increase of stored energy with Z, or lumped 
susceptive elements may be simply illustrated. If the cavity susceptance, 
B,, is represented by a parallel L—C circuit we have: 


1 
B, = aC —- —. 
are oL 


This must resonate with the device susceptance, B. Then: 


0B B 
gE OE Aes 
6a a) 
B and are constants for a particular frequency so that a large capacity is 
required for large 0B,/dw and high stability. 
Another simple circuit realization is the short circuited transmission line 
where: 


1 
zs Zo tan (w/v) 


/ is the short circuited line length and v is the phase velocity of the electro- 
magnetic waves on the line. In this case: 


OB, 
dw 


In a cavity where / is several half wavelengths so that its relative change with 
Zo at constant frequency becomes small, 6B,/éw tends to infinity when Z, 
equals zero or infinity and has a minimum when Zp, = 1/B. An X-band C.W. 
device with substrate mounted on the heat sink has 1/B ~ 50Q. In this case 
high stability is most conveniently achieved by working with large Zp. The 
disadvantage of the high Q cavities is their poor electronic tunability 
(which requires low stored energy) and the mode jumping that occurs in 
multiple wavelength cavities. A coaxial cavity is usually used for electronic 
tuning applications and a multiple wavelength cavity for low noise applica- 
tions such as Doppler radars. A comparison of a typical line width of a 
coaxial cavity oscillator is made with the linewidth of a good quality 
klystron in Fig. 8.9.2” 

If the large proportion of f.m. noise close to the carrier is caused by 
material defects it is possible that developements in materials and device 
technology will eventually reduce its magnitude. The ultimate limitation of 
the noise performance will be set by the finite number of electrons present in a 


By= 


1 
= —— (1+ Z,7B? 
Zep (1 + 20°") 
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device. This fact is responsible for Johnson noise and shot noise in all 
devices. The ways in which the statistics of this finite number may limit the 
f.m. noise performance have been suggested. A simple model of the cavity 
control of Gunn oscillations is used to describe both mechanisms. The r.f. 
cavity voltage is supposed to trigger a domain (assumed to form instan- 
taneously) when the device terminal voltage rises through threshold (see 
Chapter 5). In the delay mode of operation the domain travels at constant 
velocity until it enters the anode. The two noise limiting mechanisms arise 
from “jitter” in the domain triggering time“ and velocity fluctuations of 
the domain.“ 

In the first mechanism electric field fluctuations at the domain nucleating 
region advance or retard the time at which the local electric field passes 
through threshold. The r.m.s. electric field fluctuation due to Johnson noise 
over a region 3 microns long in GaAs containing 10!° electrons per cm? and 
having a diameter of 30 microns is 15 V/cm. These dimensions have been 
estimated as those of the effective nucleating region for domain growth” 
in a uniform device. The number of electrons in the nucleating region is 
2 x 10°. For a device of given cross-sectional area the field fluctuation is 
scaled by the inverse square root of the ratio of the area of the device and 
ofthe area of the nucleating region. The time jitter ofthe domain nucleation is 
random in successive cycles so that the current waveform has a random 
(white noise) phase fluctuation, which, after filtering by the cavity as described 
earlier, appears as the f.m. noise output. It should have a Af,,,,. which is 
independent of /,, except for a region very close to the carrier. The “turnover” 
frequency was estimated as 133/Q Hz from the carrier frequency of 10!° Hz. 


10 
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Fic. 8.10. Theoretical frequency deviation in 1 Hz bandwidth due to Johnson noise at the 
domain nucleating region in a sample with a cross-sectional area of 10~® m? in 122. cm GaAs. 
The curve parameters are the cavity Q-factor. 
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The original calculation overestimated the r.m.s. frequency deviation 
owing to neglect of some details of space charge growth in the device. 
Figure 8.10 illustrates the calculated frequency deviation. 

The second fundamental limitation that has been proposed is in the domain 
transit time owing to fluctuations of domain velocity. These velocity fluctu- 
ations arise from fluctuations in the electronic velocity distribution function 
during successive scattering of the electrons by the lattice vibrations in the 
material. Owing to the short time between collisions of electrons and the 
crystal lattice (~10~ 1 sec, see Chapter 3) the velocity fluctuations which 
result should also have an essentially white noise spectrum and give a fre- 
quency deviation, Af,,,... which is independent of f,. No numerical esti- 
mates of the f.m. noise are given. 

Both of the above fundamental limitations are only simple semi-quan- 
titative ideas. The operational details of C.W. oscillators at frequencies of 
10 GHz and above cause a considerable complication of their effect. This 
arises largely through the comparable times of domain growth and transit 
through such devices. The only devices which might exhibit a behaviour close 
to that predicted would have large n/ products and operate in lower frequency 
circuitry (~1 GHz). However C.W. operation has not been seen in such 
devices at the time of writing. 


8.3 NOISE IN L.S.A. OSCILLATORS 


The measurement of L.S.A. oscillator noise has received little attention 
owing to difficulty of construction of such devices. A noise to carrier power 
ratio of —134 dBm has been measured in a | kHz bandwidth, 30 MHz from 
the carrier frequency of 50 GHz.?* 

Qne anticipated form of noise in an idealized L.S.A. oscillator?) may 
arise from current fluctuations generated by fluctuations in the relative num- 
ber of carriers in the satellite and central valleys of the conduction band struc- 
ture of gallium arsenide. The effect again arises from the finite number of 
electrons in a device and the finite fluctuations in the number in any one 
state will always occur. Unfortunately no numerical estimates are given. 


8.4 NOISE IN TRANSFERRED ELECTRON AMPLIFIERS 


Subcritically doped negative resistance reflection amplifiers (n/ < 10''— 
see Chapter 6) have noise figures 


‘ ‘ ._ Signal to noise ratio at output 
noise figure is the ratio = —__—_______—_ 
signal to noise ratio at input 
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Power gain 


Frequency (GHz) 


Fic. 8.11. Power gain versus frequency characteristic of a subcritically doped transferred 
electron amplifier.“ 
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Fic. 8.12. Illustration of the rapid increase of noise figure at the onset of the gain peaking 
condition“ in the amplifier of Fig. 8.11. 
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Fic. 8.13. Noise figure as a function of power gain for two devices made from GaAs with 
different resistivities.¢ » 
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typically in the range 10 dB to 30 dB. This feature together with their low 
saturated power output does not offer much promise for their useful exploi- 
tation. As a result only a limited investigation of their noise properties has 
been conducted so that an empirical description is all that is possible. 

The noise figure generally increases with increasing bias voltage and current 
(they are monotonically related in the subcritical amplifier) and also depends 
on the frequency of operation.!3** The gain characteristics have a region 
where the gain is low but substantially independent of frequency and a high 
gain region with peaks at one frequency. These regions are indicated as A 
and B respectively in Fig. 8.11. In region B the noise figure variation with 
bias is illustrated in Fig. 8.12. The noise figure increases steadily with bias 
until the high gain region is achieved. The noise figure then deteriorates 
rapidly with increasing bias and gain. The relationship of noise figure to 
power gain is illustrated in 8.13 where there is an apparently better noise 
performance in the higher resistivity sample. The dependence of these re- 
sults on the characteristic impedance on the transmission line environment 
of the devices is not clear. 

There does not appear to be much published work which attempts to 
relate the theory and experiment of these poor noise figures. The theoretical 
approach to the noise figure calculation is complicated by the correlation of 
noise signals in different regions of the amplifying device. This correlation 
is caused by the growth of noise signals as they propagate in the direction 
from cathode to anode. One method of solution‘'*) relates the local noise 
fluctuations to the local diffusion constant and treats the correlation of 
different regions through an “impedance field” concept. This latter quantity 
is the frequency and spatially dependent gradient of the diode impedance. 
The power spectral density of the open circuit noise voltage fluctuations, 
S(q@) is given by: 


S(@) = |VZ|? . 4e? Dn .d( VOLUME). (8.4) 


VOLUME 


VZ is the impedance field, D the local diffusion constant and n the local 
carrier concentration. Thim” has shown that the best noise figures would 
be obtained if the electric field was uniform throughout the device. In order 
to achieve such a condition it would be necessary for the cathode contact 
to be a low height Schottky barrier so that the electric field may rise to its 
uniform value in a very short distance to avoid non-uniformities. A minimum 
noise figure of 8 dB was estimated for GaAs devices. 

The noise properties of two-port sub-critically doped amplifiers’® are 
not clear at the time of writing but may be expected to be similar to those of 
the reflection amplifiers described above''”. Amplifiers based on oscillating 
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Gunn devices‘!®) have only recieved limited attention. Typical noise figures 
are poor being of the order of 20 dB. 


8.5 OTHER FLUCTUATION PHENOMENA 


All the devices described in other Chapters have their properties modified 
by inhomogeneous material properties. In the ideal devices there will still 
be a limiting form of inhomogeneity owing to fluctuations in the finite electron 
population. This form of fluctuation appears as a random time variation of 
electron density and electric field about their mean values and is the source 
of Johnson noise in resistors. One possible device limitation due to these 
Statistical properties has been described with the f.m. noise properties of 
Gunn oscillators. Additional limitations include the allowable space charge 
growth in L.S.A. oscillators and the maximum gain of Gunn effect pulse 
regenerators.“) In the former case the dynamic electron density fluctuations 
and static donor density fluctuations will form the smallest possible space 
charge density from which growth will occur and so set limitations on the 
r.f. voltage in order to maintain space charge neutrality. The maximum gain 
of Gunn effect pulse regenerators is limited by the minimum difference be- 
tween the bias and threshold voltages that can be used without the genera- 
tion of random pulses. This difference is set by the electric field fluctuations 
at the domain nucleating region which may cause the local electric field to 
exceed the threshold for domain nucleation. At the time of writing this 
mechanism was the only one capable of direct experimental observation. A 
good correlation of the theoretical and experimental variation of the random 
domain triggering probability with bias voltage was obtained, but it was 
only possible to make measurements with a limited range of device para- 
meters.“ 
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Chapter 9 


Non-Uniform Devices and Logic Applications 


9.1 INTRODUCTION 


The effects of spatial non-uniformities and external circuitry on Gunn effect 
devices containing a travelling domain offer exciting prospects in the develop- 
ment of electronics. They have potential importance in signal processing for 
data transmission and logic applications. An understanding of these effects is 
necessary to appreciate possible defects or ways of improvement of the 
oscillators described in the previous chapters. The following descriptions 
may give the impression that little work is proceeding in the latter case. 
This only appears to be so because of the intimate involvement of advanced 
oscillator development with the planar technology of gallium arsenide, where- 
as many of the logic devices are little more than interesting first ideas. The 
realization of devices with planar technology is advantageous for thermal 
efficiency and for close matching of multiple devices (in series—parallel 
arrays for example). It will sometimes require non-uniform geometry for 
practical reasons so that understanding of the following effects is necessary. 

Initially, descriptions will be given of devices with a good “‘pedigree”’. 
These fall into three broad groups: domain current control, the influence 
of non-uniform electric fields on domain nucleation and quenching and 
modifications introduced externally. Many devices utilize a combination 
of these properties and they will be described finally. 


9.2 DOMAIN CURRENT CONTROL 


Current controlled operation occurs when a mature domain travels from 
cathode to anode of a non-uniform device. A simple quantitative description 
is possible when the non-uniformities are gradual compared with the domain 
width. In a uniform device there is a relationship between the sub-threshold 
electric field, Ep, outside the domain and the excess domain voltage, dp 
(op = J£3 (E — Eg) dx) of the form shown in Fig. 9.1 (see Chapter 4). 
The current-voltage characteristic of a uniform device containing a stable 
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travelling domain may be calculated from this relationship. For a device 
with large n/ product the current is substantially independent of voltage 
(if this is greater than threshold (Fig. 9.2)) because of the weak dependence 
of ¢p on Eg when the former is large. For the gradual variations of uniformity 
envisaged in this section the uniform device dynamics may be taken as a 
good description for the relationship of excess domain voltage, and the 
electric field (for convenience referred to as E,) immediately outside the 
domain. The electric field in other ohmic parts of the device will be related 
to E, by current continuity. The value of ¢p at any position is determined 
from the simultaneous satisfaction of the relationship between ¢p and E, 
and from the integral of electric field through the device which must equal 
the biasing voltage. For devices with large n/ product the variation of ¢p 
as the domain propagates does not appreciably alter E,,. The current through 
the device is then 

i=n(x)e.pE,. A(x) (9.1) 


n(x) is the local electron density, A(x) the device cross-sectional area and 


Asymptotic value 


Ey 
£p—> 
Fia. 9.1. Relationship of excess domain voltage, ¢p, and electric field outside domain, Ep, 
for a stable uniform Gunn oscillator. 
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Fic. 9.2. Current—-voltage characteristic of a long uniform Gunn effect device. 
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pE,, in GaAs is equal to the valley velocity v, as the device length tends to 
infinity. v, is a constant of the material so that the current waveform of the 
device for a domain in flight is a representation of the product n(x). A(x) 
(also proportional to the low field resistance per unit length of the device) at 
the domain position. 

This simple quasi-static treatment of the domain dynamics in a non- 
uniform medium is complicated by various effects. If the device is sufficiently 
short the variations of ¢p also produce variations of E, (see Chapter 4). The 
current waveform is appreciably dependent on this additional factor when 
dp < 10V for 1Qcm material. Gradual variations of uniformity on a 
scale comparable with the domain length will require E, to be different 
on each side of the domain. It has been suggested that a modified quasi- 
static domain dynamics“ may apply in this situation by taking account of 
the variation of current density across the domain width so that a balance 
between the field driven and diffusion currents is maintained. In more 
extreme non-uniformities the only satisfactory approach is to solve the 
partial differential equations of the domain dynamics in the non-uniform 
medium. Variations of cross-sectional area require a knowledge of the lateral 
spreading rate of the domains. No details of any of these modifications are 
available at the time of writing but some of the attractiveness of simple 
devices using domain current control disappears when the simple description 
given above is incorrect. In these more complex cases there may be an 
appreciable contribution to the external current waveform from the dis- 
placement current required for charging and discharging of the domain.“®) 
A limitation on the amplitude of the current fluctuations will be set by the 
effects of domain quenching and nucleation when appropriate local electric 
fields are reached. These effects will be discussed in the next section. 

Various techniques may be employed to introduce the non-uniformity 
into the device. Permanent profiles may be built in by introduction of 
suitable donor impurities or by modification of the cross-sectional area of 
the device. Controlled variations of non-uniformity may be introduced 
by selective illumination, localized impact ionization and alteration of field 
profiles in the device by external electrodes. 
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Fic. 9.3. Non-uniform samples used by Shojif?? to demonstrate current waveform 
generation. The electron density is nominally uniform. 
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Examples of the waveforms that may be produced by domain current 
control are given in Figs 9.4 and 9.5. Those of Fig. 9.4‘) were produced with 
the laterally non-uniform devices of Fig. 9.3 when they were biased above 


threshold. 


IO nsec. 


(b) 


Fic. 9.4. Waveforms obtained with the samples of Figs. 9.3a and b respectively. 


A device with memory properties“* *) derived from spatial electron 
density variations produced the waveform of Fig. 9.5 by using the impact 
ionization that is induced by high domain electric fields. During the first 
domain transit after application of bias the waveform of Fig 9.5a. was super- 
imposed on the steady bias voltage. The additional voltage was sufficient 
to cause impact ionization from trapping centres in the material to give an 
additional local concentration which was monotonically related to the 
“writing”’ voltage. In subsequent domain transits the pattern was reproduced 
in the current waveform (Fig. 9.5b) owing to the persistance of the ionized 
carriers caused by the long trapping time. Storage times of 1 psec. have been 
reported.” 


Bias voltage > 


Output current 


Time —> 


Fic. 9.5. (a) Avalanche memory‘ write in voltage, superimposed on steady bias and 
(b) subsequent current waveform. 
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In all these experiments the domain velocity is close to 107 cm/sec. The 
profiles usable for clear reproduction in the current waveform do not appear 
to alter the domain velocity. 


9.3 THE INFLUENCE OF NON-UNIFORM ELECTRIC FIELDS ON DOMAIN 
NUCLEATION AND QUENCHING 


The current waveforms caused by domain current control are repeated at 
the regular intervals of the domain transit time. If the non-uniformity is 
large enough it is possible to control the time and position of domain nucle- 
ation and quenching. Using the quasi-stable assumptions of the previous 
section, domain nucleation will occur when the local electric field exceeds 
threshold and quenching will occur when the domain runs into a region 
where it is not possible to satisfy the relationship of ¢@p and E, that is de- 
manded by the stable domain dynamics. The quenching conditions may be 
calculated in a way similar to that for uniform devices. 

At any point in a non-uniform device containing a domain the electric 
field, E(x), is related to the electron density, (x), and cross-sectional area, 
A(x), by: 


n,A 
E(x) = E, {———-).. 9.2 

CEA} he 
The subscript u refers to the domain position and there is an implicit 
assumption that the electron mobility below threshold is constant. The 
total voltage, V, across the device of length / is: 


V=¢ +E, mua, (9.3) 


on A(x)° 

The integral is independent of field and can be evaluated once the device 
profile is known. Equation (9,3) is the relationship between @p and E, 
that is dictated by the device boundary conditions. It varies with domain 
position in the device through the terms n, and A,. The other relationship 
between ¢p and E, that must be simultaneously satisfied is dictated by the 
domain dynamics illustrated in Fig. 9.1. This is substantially independent 
of domain position and uniformity. The position of domain quenching 
is found by drawing a straight (load) line from ¢p = V, E, = 0, tangential 
to the dp~ Ep curve. The slope of this line enables 7,A, and the point of 
quenching to be found. This construction is illustrated in Fig. 9.6 together 
with other load lines for different domain positions (i.e. different values 
of ,A,). 

In operation involving quenching, the current waveform of the device 
is not as closely related to the doping and cross-sectional profile as it was 


254 NON-UNIFORM DEVICES AND LOGIC APPLICATIONS 


in the devices of the previous section. This occurs because E, has a stronger 
dependence on ¢p as the quenching point is reached. The larger non- 
uniformity will also cause a larger contribution from domain discharging 
currents. 

As the bias voltage is increased, the tangent to the @p-E, curve (Fig. 9.6) 
which passes through ¢p = V, Ep = 0 becomes steeper so that a domain will 
be quenched at a point with a greater n(x). A(x) product. This effect has 
been used to provide frequency tunability in wedge shaped devices®) and 
in annular devices.“’7"®) 
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Fic. 9.6. Time varying load lines in a non-uniform device showing the domain nucleation 
load line N, and the quenching load line Q. 
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Fic. 9.7. Waveform of gradual taper giving tunability to the spiky waveform characteristic 
of a domain travelling to the anode‘. Bias voltages are V; < V2 < V3. 
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If the non-uniformity of the sample shown in Fig. 9.3a is sufficient then 
a voltage tunability of about one octave is possible.) The current spike 
which occurs when a domain runs into the anode of a device does not occur 
in this type of operation and a smoother output waveform occurs (Figs 
9.7 and 9.8). For domain nucleation at the cathode and quenching of domains 
in the bulk of the device it is necessary that the extreme values of n(x). A(x) 
within the device and the bias voltage give load lines which overlap the 
range from Q to N in Fig. 9.6. This mode of tunability can be extended 
to include voltage controlled frequency switching with a device illustrated 
in Fig. 9.9a. At the lower voltages the propagating domain is quenched 
before it reaches the largest 7A product near the centre of the device. When 
the voltage is sufficiently high quenching does not occur in the first half 
of the sample, so the domain travels to the anode, with a consequent re- 
duction of frequency (Fig. 9.9b). 
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Fic. 9.8. Sawtooth waveform of a steeply tapered oscillator. The domain cannot reach the 
anode, Bias voltages are V; < V2 < V3. 
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Fic. 9.9. (a) Double tapered device which causes the continuous, followed by switched, 
voltage tunability’ shown in (b). 
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The samples in the above experiments were made with a tapered cross- 
section. The same results would be achieved with a tapered doping profile 
and these effects should be relevent to the performance of the supposedly 
uniform oscillators, described in previous chapters, if the starting material 
is non-uniform. Bulk grown GaAs has a large number of traps from which 
electrons can be thermally excited. This property has been used to generate 
an electron concentration gradient with a thermal gradient in an otherwise 
uniform device. Similar tunability to the tapered oscillators was ob- 
tained. These results indicate the care that is necessary in the design of 
uniform C.W. oscillators. 

Similar tunability occurs in annular devices with the centre contact as 
the cathode. The domain is expected to propagate as an expanding ring 
until it is quenched (at the lower operating voltages) or runs into the anode. 
A tuning range in resistive circuitry from 1-6 GHz to 5-45 GHz has been 
observed. “®) 

Electric field non-uniformities caused by suitable contact configurations 
may be used to control domain nucleation as well as extinction. Two devices 
employing dual cathode structures“®!" will be described as examples of 
this technique. 

A dual cathode comparator“® may be constructed with two small area 
cathodes (~ 70 microns diameter) which are separated by a distance approxi- 
mately equal to their diameter (see Fig. 9.10a). The anode has a much larger 
area. If a bias voltage is applied between an anode and one cathode (with the 
other cathode floating, Fig. (9.10a)) a domain is nucleated when the electric 
field at the cathode exceeds the threshold field for domain nucleation. 
Just before domain nucleation the electric field elsewhere in the device will 
be below threshold because of the device non-uniformity. If the second 
cathode is also connected to the bias the threshold voltage for domain 
nucleation will be increased owing to the reduced non-uniformity of the 
electric field (Fig. 9.10b).'3-17) The device may be used as a comparator 
for two voltages whose values lie between the two threshold voltages. A 


(a) 
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Fic. 9.10. Dual cathode comparator showing electrical non-uniformity below threshold 
(a) one cathode biased (b) both cathodes biased. 
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domain is nucleated only when one voltage is applied to either cathode. 
The comparator operation is summarized in the binary truth Table 9.1 
where the output is the domain pulses arising from domain nucleation. 


TABLE 9.1. Truth table of “exclusive or” (comparator) 


Input Input Output 


1 2 

0 0 0 
1 0 1 
0 1 1 
1 1 0 


Control of the transit frequency of uniform devices with a large n/ product 
may be achieved by splitting the cathode into two equal parts.“ A control 
voltage was applied to one segment of the cathode while the other was biased 
normally. Frequency tunability of 15~25% was achieved with a d.c. voltage 
to alter the relative voltages of the cathodes. The origin of this effect is not 
clear but is presumably related to an alteration of the electric field pattern 
in the vicinity of the cathodes. When the control voltage was a C.W. rf. 
signal operating close to the free running device transit frequency, frequency 
locking was possible. 20dB locking gain was achieved over the frequency 
range from 348-360 MHz. 

In order to complete this section it is necessary to mention wedge shaped 
devices having a laterally varying cathode-anode separation. Unfortunately 
the properties of these devices are not clear owing to difficulties with the 
planar technology. 


9.4 EXTERNAL CONTROL OF UNIFORM DEVICES 


A large variety of effects may be obtained with a simple uniform device 
with an nl product sufficiently large to allow stable domain propagation. 
One type of control is exercised by the external voltage and the other by 
suitable placing of external circuit components. 

Series“*) and parallel“!5) pulse regenerators and reshapers (Fig. 9.11) 
are biased just below threshold. A small additional pulse will cause the 
device voltage momentarily to exceed threshold and trigger a domain.“” 
The fall of device current which results lasts for one domain transit time and 
can be much larger than the triggering pulse (Fig. 9.12). In each type of 
regenerator the current change also occurs in R, and so the output appears 
as the corresponding voltage pulse. The smallest input pulse to produce 
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reliable domain triggering is limited by the minimum difference between 
biasing and threshold voltages, AV,, before unwanted domain triggering 
occurs. One possible noise source to limit this gain is discussed in Chapter 
8. The maximum pulse gain is limited by this effect and the maximum 
possible value of R,. If Rp is the device low field resistance and the parallel 
loading of the bias circuit in Fig. 9.1la is negligible the minimum input 
voltage to cause reliable domain triggering in the series regenerator is 
AV,(Rp + R,)/Rp and for the parallel regenerator is AV,. In both cases the 
output voltage is R, . I, if there is a 50% current drop after domain triggering 
(I, is the valley current). 
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Fic. 9.12. Current waveforms of pulse regenerator. 


The maximum gain for both configurations occurs as Ry > © and is: 


ERe (Ve 
AV, (- a) for the series regenerator 


oo for the parallel regenerator. 


The advantage of high gain in the parallel regenerator is offset by the dis- 
advantage of poor isolation between stages because input and output 
terminals are common. There are limitations on R, due to practical con- 
siderations and due to the slow response time that accompanies large R,; 
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(see Section 9.5), which restrict the above gain figures. Detailed practical 
information on the operation of these devices is not available at the time 
of writing but a voltage gain of approximately 100 has been reported for 
each type. The use of regenerators in a memory loop and variable repetition 
rate pulse generator will be described later. 


Constant 
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Fic. 9.13. Simple analogue to digital convertor showing waveforms (circled) at input, 
intermediate and output points. 


Izadpanah“* achieved analogue to digital conversion with a triangular 
bias pulse in the circuit of Fig. 9.13. The analogue signal is the pulse input 
(or step function) and is differentiated to give a step followed by an ex- 
ponential decay superimposed on the steady bias voltage, Vz. The amplitude 
of the initial step for a fixed differentiator time constant determined the 
time that the bias was greater than threshold and the number of domain 
pulses that occured at the output. The effect is illustrated in Fig. 9.14. 
An improved version has been proposed to process a continuously varying 
analogue voltage and will be described later. 
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Fic, 9.14. Input and output waveforms of analogue to digital convertor for various input 
pulse amplitudes, 
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The second half of the section is concerned with the effect of external 
circuit components on the device operation. The effect of a series inductance 
and the coupling introduced by suitably placed resistors will be separately 
dealt with. 

The first mechanism is the basis of a relaxation oscillator operating with 
a considerably longer period than the domain transit time.“ In the circuit 
of Fig. 9.15 the diode is considered as a pure resistance, Rp, when it’s terminal 
voltage is below threshold and it does not contain a domain. Above threshold 
the diode acts as a constant current source, I,. V, is greater than the threshold 
voltage. Let us assume that the diode does not contain a domain. It’s terminal 
voltage is less than the threshold voltage and must be increasing exponentially 
with the L(1/Rp + 1/R,) time constant. The current and voltage waveforms 
through and across the device are illustrated in Fig. 9.16. When the terminal 
voltage reaches threshold the current drops to J,, (about half it’s threshold 
value). The terminal voltage rises rapidly to greater than Vg so that R; 
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Fic. 9.16. Waveforms of relaxation oscillator.“ 
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carries a current from the inductor equal to the current fall as the device 
switched. The device voltage now falls exponentially with time constant 
L/R,, as the current through L decreases until the device terminal voltage 
is Vz. When the domain enters the anode the device current begins to rise, 
the inductance causes the terminal voltage to fall and the process repeats 
as the current begins to build up with the device as it’s low field resistance. 
A 100 micron diode with Rp = 202, R; = 200Q, and L =10~°H has 
produced 40 V pulses with a 100 MHz repetition rate. 

The operation described in the last paragraph is a form of delayed domain 
nucleation mode of relaxation oscillation. In shorter devices where the capa- 
city of a domain, in parallel with the current generator, becomes an important 
part of the circuit a quenched domain relaxation mode may occur. The 
difference in this mode is that the upward voltage swing caused by domain 
nucleation reaches a peak and then falls rapidly as half a cycle of “ringing”’ 
of the inductance and capacity occurs. This downswing can pass below the 
quenching voltage, quench the domain and leave the device current to 
build up with the low voltage time constant as before. This mode of operation 
is similar to one mode of operation of overlength devices described in 
Chapter 6.(1%29) 
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Fic. 9.17. (a) ‘and’ gate using a uniform diode. (b) exclusive ‘or’ (comparator) using 
uniform diodes. 
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Two combinations of resistors and uniform Gunn devices are illustrated 
in Fig. 9.17. In the circuit of 9.17a the voltage required at either input 1 
or input 2 to cause domain nucleation is greater than the voltage required 
if inputs 1 and 2 are shorted together. This circuit is the basis of an ‘and’ 
gate”) for two pulses whose amplitudes lie between the two critical values. 
The binary truth table for operation under those conditions is given in 
Table 9.2. Output only occurs for simultaneous application of the input 
voltages. 


TABLE 9.2. Truth table of “‘and”’ gate. 


Input Input Output 


1 2 

0 0 0 
1 0 0 
0 1 0 
1 1 1 


In the circuit of Fig. 9.17b the input voltage at either input that is required 
to cause domain nucleation is less than the common voltage required simul- 
taneously at each input to cause nucleation.“!») This arises from the larger 
voltage drop across R, when both diodes conduct in the latter case. The 
operation is that of an exclusive “‘or’’ or comparator circuit. As in the pre- 
vious circuits both input voltages have to lie within prescribed limits. The 
binary truth table of this circuit is given in Table 9.1. 


9.5 DOMAIN TRANSIENT RESPONSE 


The response time of a domain to electric field alterations is important 
in estimating the maximum signal processing rate of logic devices and the 
current waveform resulting from bulk non-uniformities of limited extent. 
Very little work has been performed at the time of writing and a somewhat 
tentative semi-quantative account is all that is possible. 

If a step function voltage is applied to a device to bias it into the negative 
differential conductivity region of the velocity—field characteristic the electric 
field distribution will initially readjust with the negative dielectric relaxation 
time constant at the bias point. This is a small signal process and will be 
considerably modified by the large signal non-linearities which occur as 
stable domain conditions are approached. One estimate of the relaxation 
time constant under large signal conditions is given by the product of low 
field device resistance, Rg, (essentially the device resistance outside the 
domain) and the domain capacity“!®) (see Chapter 4). The domain capacity 
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is the ratio of accumulated or depleted charge, Qp, to the domain potential, 
gp. In the limit of zero diffusion this is: 


2a 
bp 


and the differential capacity is: 


C,= A (9.4) 


0Qp a gk by 


age oP = A (9.5) 


d is the domain width and A the cross-sectional area. Adopting (9.4), the 
relaxation time constant, Tp, is: 


I 2&9 


Tp = RpCp = —— .—— 
R D\“D Nyew d 


(9.6) 


where / is the sample length and N, the donor density (assumed uniform 
here). For a triangular domain: 

N ped? 
9p = 2£& 


(9.7) 


and the device boundary conditions dictate that 


bp = (Ez — E,)! (9.8) 
where E, is the mean bias field. Eliminating ¢p and d from Eqns (9.6), (9.7), 


Nope E, Epu 


-(p-m(g—1)] = 


where T, is the low field dielectric relaxation time and Tp is the domain 
transit time. 
For a bias voltage 1-5 times threshold and E, = 0-5 times threshold: 


Th S97 0 Pix (9.10) 


For a 1 mm long device with 10'* carriers/cm? (T, = 107 '* sec), Tp = 100 
picoseconds. 

At threshold, Tz is also the shortest possible time that an electron 
can drift across the domain.° ¢, and / can be eliminated from Eqn (9.6), 
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(9.7), (9.8) to give: 


d sf Ey ot 
Ty = —(F 1) (9.11) 


The first group of terms on the right-hand side of Eqn (9.11) is the mini- 
mum possible time for an electron to cross the domain width, d, when the 
maximum electron drift velocity is twice the valley velocity (i.e. maximum 
velocity ‘spread’ is equal to the valley velocity). At threshold Ez = 2E, so that 
the domain readjustment time is just this minimum transit time. If the domain 
runs into the anode at constant velocity the current rise time during this 
event will also be the same as the time constant derived above. 

An extension to this approach when the Gunn device is in series with 
a resistor, R,, is to consider the domain relaxation time as 


Tr = (Ro Sa R;) Cp. (9.12) 


The dynamics of a Gunn diode in series with a resistor have not been 
solved rigorously at the time of writing and it is not obvious that Eqn (9.12) 
is the correct expression for this case. 

Another approach to this problem considers the relaxation of a domain 
configuration from a given state to it’s stable state!” in terms of the rate 
of change of excess domain voltage. The starting point is Poissons equation 
and the total current density J: 


oE 
= nev(E) — e——— a + £9 (9.14) 


Where the symbols have their usual meaning. The boundary conditions 
of the problem occur at two points Z, and Z, in the uniform field region 
on either side of the domain where 


OLE(Z;)] _ OLE(Z2)] 
= — +0 (9.15) 
E(Z,) = E(Z>) = Eo. (9.16) 


At Z, and Z,, d(Dn)/dZ = 0 so J can be replaced by it’s value at these two 
points and x can be eliminated from Eqns (9.13) and (9.14) to give: 


e 20) 


MEE as Foe) = B)| a er a 1H) (9.17) 


ot 
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Integration of Eqn (9.17) from Z, to Z2 gives: 


Z. Z 
=e (E — E,)dZ - | ea (o(£0) - w(E) jaz. (9.18) 
Z:1 &€ 

The integral on the left-hand side is the excess domain voltage ¢@p. For the 
zero diffusion approximation the accumulation layer has zero length and 
the depletion layer is fully depleted so that the integral on the right-hand 
side can be rewritten with the aid of Eqn (9.13): 


i = (v(Eo) = (E)) dZ = ie (v(Eo) as v(E)) dE. 


€€& Eo 
Therefore 9.18 becomes: 


Opp 
ot 


fe I ** (Ep) — o(E)} dE. (9.19) 
Eo 


This equation has a simple graphical interpretation. The right-hand side is 
the difference of the right-hand and left-hand shaded areas of Fig. 9.18. 
The areal difference for a given domain configuration gives the growth or 
decay rate to the stable configuration. For the stable domain condition, 
Odp/et = 0, and Eqn (9.19) reduces to the stable domain equal areas rule. 
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Fic. 9.18. The unequal areas rule. 


No conclusive measurements of the domain readjustment rate have been 
made at the time of writing. Izadpanah“* has measured the harmonic 
content of the current waveform of a device with large n/ product in a re- 
sistive circuit with different values of series resistance. The variation of the 
amplitude of a high harmonic was related to the rise and fall times of the 
domain controlled current pulses. The rise time of a particular diode in- 
creased as the load resistance increased and the rise time of different diodes 
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with the same loading was longest for the lowest doping levels. Other 
measurements of the “in flight’? domain transient response“® have been 
made with a controlled step function in the bias voltage. If this decreased the 
terminal voltage there was a momentary current reduction as the domain 
discharged and vice versa (Fig. 9.19). The time integral of this current spike 
gave the charge removed from or added to the domain so that the differential 
domain capacity could be determined. It was concluded that some part of 
the domain discharge occurred across the domain and not through the 
external circuit as expected. The time resolution of the measurement system 
was Close to the lifetime of the current discharge so that reliable measure- 
ments of this time were not possible. 

Measurements with a time resolution of 28 psec have been made possible 
with improvement of fast sampling techniques. This has allowed a detailed 
examination of current waveforms during the time that a domain runs 
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Fic. 9.19, Voltage and current waveforms for transient characteristics of domain in flight.“ ® 
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Fic. 9.20. Rise and fall times of current waveforms? as a domain runs into the anode and a 
further domain is triggered at the cathode. Sample details: 1-14 1015 electrons/cm, 
291 microns long, mobility 5565 cm2/V sec. 
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into the anode and another domain forms at the cathode.?” A typical 
waveform is shown in Fig. 9.20. In a diode with 1-14 x 10!5 electrons per 
cm3, 291 microns long and electron mobility 5565 cm?/V sec the rise and 
fall times were about 0-2 nsec. This is in good agreement with calculations 
using Eqn (9.19). When the bias voltage was just above threshold there 
was also a ‘dead’ time when the current was constant for about 0:2 nsec. 
This could be the time taken for small signal space charge growth before large 
signal effects become important. For a threshold bias the electric field at 
the cathode will not rise to threshold until the entire previous domain has 
passed out of the anode. This interpretation is consistent with the shortening 
of this dead time as the bias voltage is increased. A separate experiment 
in which a narrow pulse was superimposed on the main bias pulse (below 
threshold) also showed that domains could not be triggered if the duration 
of this narrow pulse was less than 0:5 nsec. 


9.6 MIXED DEVICES, AND SYSTEMS 


This final section will consider how the above processes are combined for 
specific applications. Many of these applications are little more than tenta- 
tive at the time of writing and time will decide their role, if any. Therefore 
the emphasis will be placed upon a simple descriptive cataloguing of the 
modes of operation. 


9.6.1 LOGIC GATES 


Two “exclusive or’ gates or comparators (Table 9.1) have been described 
in Sections 9.3 and 9.4 using respectively a dual cathode device!” and two 
uniform devices with a common anode resistor.“1°"17) If the former device 
has a series resistor in one of the cathode leads (Fig. 9.21) a domain may not 
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Fic. 9.21. Inhibitor, derived from the comparator” of Fig. 9.10. 
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be triggered when a pulse (whose amplitude is the same as that necessary 
for comparator action) is applied to this lead because of the additional 
voltage drop in the resistor.'7) The truth table of the action (an inhibitor) 
is shown in Table 9.3. 


TABLE 9.3. Truth table of inhibitor. 


Input Input Output 
1 2 
0 0 0 
1 0 0 
0 1 1 
1 1 0 


Also described in Section 9.4 was an ‘and’ gate which is essentially derived 
from the pulse regenerator of Section 9.4. The simple regenerator itself 
may be used as a multiple input “inclusive or’ gate using the same con- 
figuration as Fig. 9.17a. and suitable adjustment of the biasing voltage. 
When the input voltages are unequal an ‘and’ gate may be constructed with 
a third contact’? on the side of the device as illustrated in Fig. 9.22. 
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Fic. 9.22. Three terminal ‘and’ gate.‘?” 
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Fic. 9.23. ‘Invertor’, ‘nor’ and ‘nand’ gates. 
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For completeness, three other logic gate‘) proposals are included. They 
are all similar in construction to the previous gates but use devices biased 
above threshold. The continuous domain pulse output is interrupted by 
voltage pulses which reduce the terminal voltage and inhibit domain for- 
mation. The invertor (Fig. 9.23a) produces an output for no input and 
vice versa. The circuit of Fig. 9.23b acts as a ‘nor’ gate producing no output 
for a pulse at either or both input terminals or as a ‘nand’ gate producing 
no output only if there is a pulse at both inputs. The functional difference 
between these last two circuits is achieved by bias adjustment. 


9.6.2 ANALOGUE TO DIGITAL CONVERTORS 


Pulsed modulation telecommunications systems require devices to convert 
analogue voltages to digital form. The variable frequency oscillators 
described in Section 9.3 are simple A/D convertors because the number of 
cycles (pulses) in a given time is proportional to the terminal voltage of the 
device. An A/D convertor has been demonstrated using a tapered device 
with additional notch non-uniformities (Fig. 9.24), The device terminal 
voltage determines the domain transit length which in turn determines the 
number of current pulses in each domain transit. The output waveform is 
similar to that shown in Fig. 9.13 

A very neat way of accomplishing the same function has already been 
discussed in Section 9.4. The analogue voltage shaping required in that 
device may be overcome with the double device proposal illustrated in 
Fig. 9.25. A triangular pulse generated by a tapered waveform generator) is 
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Fic. 9.24. Dofic—analogue to digital converter.“ 


Vonalogue 


Fic. 9.25. Circuit to digitize continuous analogue voltages.“ 
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superimposed on the continuously varying analogue voltage“* so that the 
length of time that the device terminal voltage is above threshold is deter- 
mined by the analogue voltage. This system has the additional advantage 
that the digital sampling time is also controlled. 

In all of these A/D convertors the output is a train of pulses whose number 
is directly proportional to the analogue voltage. They do not provide output 
as a binary code. Additional circuitry has been proposed to carry out this 
operation (see Section 9.6.6). 


9.6.3, MEMORIES 


Two types of memory have been proposed and verified. One type using 
impact ionization has already been described in Section 9.2. The other type 
uses hysteresis effects (with respect to bias) in the continuous oscillation/no 
oscillation characteristics of oscillatory circuits. 


Negative 
bias 


Positive 


Fic. 9.26. Double regenerator memory. ‘??) 


Two systems utilizing pulse regenerators are illustrated in Figs 9.26 and 
9.27. In the former one?” the output pulse of a triggered pulse regenerator 
triggers a second regenerator whose output pulse is fed back to the first 
regenerator through a delay line. In this way information pulses used to 
trigger the first regenerator are stored in a circulating memory. Writing or 
memory reading may possibly be accomplished with a comparator in place 
of one diode. A compromise has to be struck in the delay line length between 
access time and storage capacity. 
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Trigger 
input 


Fic. 9.27. Single regenerator memory or variable frequency pulse generator.“ 
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An alternative circuit!» using one diode is illustrated in Fig. 9.27. The 
output pulse of a triggered regenerator travels along an open circuited 
transmission line and is reflected back to the diode where it retriggers the 
diode, providing that the delay time is greater than the domain transit time. 
This process continues until a negative input pulse or bias removal stops 
the operation. 

The memory circuit just described has some similarities with a memory 
element using the threshold characteristics of a cavity controlled oscillator.'?) 
The sustaining voltage (not to be confused with domain sustaining voltage) 
for cavity controlled oscillations of a C.W. Gunn diode is lower than the 
starting voltage. A triggering voltage which momentarily raises the device 
terminal voltage may be used to start the oscillations, providing that the 
biasing level is correctly adjusted. The oscillations will continue until stopped 
by a pulse of opposite polarity. The relationship between sustaining voltage 
and trigger voltage is illustrated in Fig. 9.28. 
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Fic. 9.28. Characteristic of threshold oscillator memory.) 


9.6.4 CLOCKS AND REPETITIVE SIGNAL GENERATORS 


Many of the devices of this section have been discussed earlier. The single 
regenerator memory of the last section may also be used as a neat system 
for producing variable repetition rate pulses (with one diode) by varying 
the transmission line length. The waveform generators of Sections 9.2 and 
9.4 and the variable frequency non-uniform oscillators of Section 9.3 all 
have a place in the present section. One objective in designing the variable 
frequency oscillators was to improve the bias voltage frequency modulation 
properties of the device when it operated with a circuit controlled frequency. 
It may also be possible to improve the efficiency of cavity controlled oscil- 
lators by shaping the device non-uniformity to give a desirable current 
waveform.'?*) This point has been dealt with in Chapter 5. A technique for 
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optical control of the extinction position of a domain in a Gunn oscillator 
has been demonstrated.‘ The device was non-uniformly illuminated with 
a gallium arsenide laser so that the anode section could be shorted to give 
a length variation of up to 600%. 

In this section on oscillators it is appropriate to consider optical frequency 
generation. This occurs frequently due to impact ionization within the high 
electric field region of the domains. By careful sample preparation (polishing 
the sides flat and parallel) it has been possible to obtain coherent light 
output from the inverted electron population produced by the impact 
ionization.?2” 


9.6.5 REGENERATORS AND MODULATORS 


The diode pulse regenerators have already been dealt with in Section 9.4. 
Improvements to sensitivity may be made with the addition of a third, 
triggering electrode on the side of the device and close to the cathode.(?*) 

A class of modulation devices is possible using a modification of the 
third electrode technique. In Section 9.2 it was seen that a domain could 
exert control over the diode current. The third electrode may be used to 
connect other current paths into the device, and these may be controlled by 
the domain over part of a domain transit only.) Figure 9.29a illustrates 
a case where a parallel current path exists between the third electrode and 
anode. This contributes an additional device current when the domain is 
travelling between the third electrode and anode. The domain controls the 
total device current when it lies between the cathode and the third electrode. 
The current waveform is illustrated in Fig. 9.29b. This technique may be 
used for waveform modulation if R; is electronically controlled and may 
be extended to multiple terminal operation. 

A further use of side electrodes is to give a current path in parallel with 
a domain over a central part of the domain transit as shown in Fig. 9.30a. 
The device current is controlled by the domain, except for the time it passes 
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(b) 
Fic. 9.29. Three terminal waveform generator. 
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under the insulated contact. The capacitance coupling of the domain voltage 
through this contact causes a momentary increase of cathode current (Fig. 
9.30b). No additional current is observed when the metallic part is shorted 
to the cathode so that the additional anode current flows to ground. 

Similar waveforms may be obtained by attaching, ohmically, a resistor 
to cover a central part of the domain path. This may have application 
as a photosensor if a suitable material is used to fabricate the resistor. 

If the third terminal is a rectifying junction the effective cross-sectional 
area of the device may be controlled by an external voltage through the 
width of the depletion layer. This would enable effects similar to those 
described in Section 9.2 to be obtained. One interesting feature of the side 
contact devices is the relatively long time over which the resistor or voltage 
may have its value adjusted compared with the time occupied by the modu- 
lation which results. This may be an advantageous system feature. 


Switch open 


Switch closed 


Cathode current —>— 


(b) 
Fic. 9.30. Shunt contact modulator.’ 


This section would not be complete without mention of the non-uniform 
field effects caused by dielectric surface loading. As was shown in Chapter 
4, devices with a small lateral dimension are stable against space charge 
wave growth.) This stabilization is caused by reduction of the electric 
field difference across any space charge owing to lateral flux leakage. The 
effect is enhanced by loading the surface with a high permittivity dielectric. 
When the dielectric does not cover the entire surface as shown in Fig. 9.3la, 
electric field non-uniformities occur at its edges and can cause stabilization 
by reducing the field over a large part of the device below threshold.?” 
Similar non-uniform effects have been observed by Kataoka et al.) and 
they have carried out some 2-dimensional computer simulation of such 
device behaviour. When the dielectric load does not cover the entire surface, 
and the device lateral dimensions are large enough to allow repetitive domain 
formation and propagation, the current waveform shown in Fig. 9.31b is 
observed.3°) When a domain is propagating outside the covered region 
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the current has its normal value. As the domain passes under the dielectric 
an additional capacitive current path exists in parallel with the domain. 
The potential across this path is just equal to the potential difference across 
the domain. The parallel path may be split into two series capacitive elements 
(Fig. 9.31c) each of which has a time varying surface area. The flow of 
charge to maintain the potential across the dielectric path as the surface 
area varies is responsible for the modification of the current waveform.° 

Finally in this section we mention optical modulation. The high electric 
fields in a domain modify the refractive index of the medium through the 
electro-optic effect. This may be used as a modulator?®) for an optical 
frequency transmission system. 


(a) Dielectric 
load 


Cathode Anode 


(b) 


—— Domain tronsit time ——>=— 


Current 


\ 
Domain enters Domain leaves 
load region load region 


Cathode Domain Anode 


Fic. 9.31. The current waveform of an unstable diode with partial surface dielectric: 
loading.*° 


9.6.6 SYSTEMS 


The use of the fast logic and other devices which have been dealt with 
in this chapter has been of a very preliminary character up to the time of 
writing. Often the devices have operated so fast that satisfactory control 
of them has not been achieved. Some systems have been proposed“!7: 2728) 
but time will be their judge. 
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Chapter 10 
Engineering and Applications 


10.1 INTRODUCTION 


In this chapter some of the engineering aspects of Gunn diode operation 
are considered. Turning first to the device itself, the thermal design is 
examined and we see that there is room for considerable improvement over 
the early devices, and it is a topic on which research continues at the time 
of writing. 

The detailed design of mechanical and electronic tuning systems for low 
power oscillators is described next, and some more general aspects of 
device operation are mentioned. 

Finally, a number of systems which use Gunn oscillators are discussed. 
These are all small and portable equipments which exploit the unique con- 
venience and other properties of these solid state generators. It is not a 
comprehensive list, but rather serves to illustrate the impact which these 
devices have already made on the design of microwave systems. 


10.2 THERMAL DESIGN FOR CONTINUOUS OPERATION 


Since Gunn oscillators are generally very small and rather inefficient it is 
important that the heat flow paths from the active regions to the heat sinks 
be as good as possible. 

The electrical restraints usually impose plane parallel heat flow in the 
active region, and the advantages of divergent flow can only be realised 
in the heat sinking mount. 

The temperature coefficient of resistivity in high quality epitaxial layers 
of GaAs is generally positive and small so that heat generation is nearly 
uniform in the active layers. 

We therefore have to consider the problem of heat flow in a uniformly 
generating region, parallel flow through any contact layers, and then radial 
flow into a large heat sink. To illustrate this we follow the example of 
Knight.“ 
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Figure 10.1 illustrates a parallel geometry device of n* nn** sandwich 


structure bonded active layer down to a large heat sinking block. The 
active n layer has a thickness /, the n* * layer a thickness d, and the metallic 


bond a thickness ¢. 
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Fic. 10.1. A parallel geometry n* nn* * sandwich Gunn device on a heat sink. 


Measurements on the thermal conductivity, K, of GaAs, Fig. 10.2 
(Carlson) show that it varies approximately inversely with temperature near 
300°K and can be described by K,/T = 150/T in pure material (the n region) 


and K,/T =120/T in the heavily doped n** region. 
The equation for parallel heat flow in a volume in which heat is being 


generated uniformly at the rate Q per unit volume is 
d dT 
ch 
dx dx 
where we take the n*, n interface as origin, with the x direction towards the 


heat sink. 
In this case 


_ (eae 
de TT dey oR, 
hence Q 
= /? — ») 
n= Trew (2-0-9 


where T; is the temperature at the n* *, n interface. 
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The maximum temperature is 


QI? 
To = T, exp ( aK) (10.1) 
In the n** layer, Q = 0, so 
df= 20) 
T dx Kz, * 
hence 
T, => T, exp Qid 


where T, is the temperature of the n* *, metal junction. 
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Fic. 10.2. Thermal conductivity K versus temperature for single crystal GaAs with various 
carrier concentrations and for GaAs P alloys (Carlson). 
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For the metal bond 
dT 


a ai 
hence 
_ g! 
T, — T; = K st 


where T; is the temperature of the metal, heat sink junction, and K; is the 
conductivity of the metal bond. 

If we assume that the semiconductor is cylindrical of radius a, the tempera- 
ture of the heat sink is given by the well known expression for divergent 


flow, 


I 
T, = 7, + 2% (10.2) 
Ky, 


where T, is the ambient temperature and K, is the conductivity of the heat 


sink. 
Thus the maximum temperature 


ne[nvo(es slfewla(ac +) om 


It is clearly advantageous to make the n** layer and the metal bond as 
thin as possible. In some cases it may be possible to omit the n** layer 
altogether, and a 1 xm layer of gold would have almost negligible effect. 
The /? which appears in the exponent points to the importance of using as 
thin epitaxial layers as possible consistent with the desired frequency of 
operation, in direct conflict with the need to avoid making the microwave 
impedance too low. 

As an example, consider a 10 pm layer of resistivity p = 0-7 Q-cm GaAs 
with a 2pmn*?* contact layer and 1 pm gold bond. For good efficiency 
the bias Ez would be 20 kV/cm (20 V) and the threshold field Ey on a good 
sample is 3-5 kV/cm (3-5 V). The power density Q = (E,/p). Ez =10® W/cm?, 
and the total power flow Q/ =10° W/cm?. 

The temperature drop in the gold bond is only 3-3°C (K3; = 3:0 W/cm °C), 

The magnitude of the exponent 


and e° =1-65. 
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The maximum allowed temperature in the GaAs depends on the life and 
reliability desired, but 500°K should rarely be exceeded. 

Now 500/1-65 = 303°K, which is expected to be the ambient tempera- 
ture. Hence there is no margin for any temperature drop in the heat sink 
block and the example is not a practical device. 

On the other hand, if the n** layer were omitted and the active layer 
bonded directly to the heat sink, the exponent is reduced to } and e!/3 =1-4, 

(500/1-4) = 355 so that at an ambient temperature of 300°K we can allow 


Qa t 
7h ees eee ee 
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for a device which will just work at room temperature. This gives a +20 pm 
for a copper heat sink. Swan® has pointed out the advantages of using a 
type IIa diamond buffer layer to spread the heat flow to a heat sink. This 
material has a thermal conductivity five times that of copper at room 
temperature, and in a practical device an advantage of three times can 
perhaps be obtained. For the same conditions, then, a radius a = 60 pm 
for a diamond heat sink would be possible, which gives a total dissipation 
of over 10 W compared with about 1 W for copper. 

If the same total power were generated in a 61m layer, the exponential 
becomes e°? = 1-22 which would allow the device to operate at an ambient 
temperature up to 80°C or allow a larger area device to operate at room 
temperature. 

This example serves to illustrate the dominant importance of making the 
heat flow paths in the GaAs as short as possible. Applying heat sinks to 
both sides would bring dramatic improvements but the problem of providing 
mechanical stress relief is very difficult. 

The heat flow problem is severe, and in large over-transit length devices 
particularly so, as these usually have more stringent requirements on 
temperature gradients (see Chapter 6). For this reason most laboratory 
results have been obtained under pulsed operation at low duty cycle. 
Various geometries have been suggested for cooling large samples, from 
transverse flow into a good conductivity dielectric to a set of diodes in 
series interleaved with heat sinks. 

Liquid cooling yields no advantage at such large power flows as the slow 
motion in the boundary layers leads to vapourisation and the formation of 
hot spots. It is useful only at heat flows below about 1000 W/cm?°?*:?® and 
so might be employed to cool large common heat sinks for multiple devices. 
A liquid could not be used to improve the mean power dissipated in a 
single device unless cooling properties dramatically better than those of the 
best fluids of today can be achieved. There is little prospect of this. 
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10.3 THERMAL DESIGN FOR PULSED OPERATION 
In pulsed operation, if the pulses are short enough, the peak power dissi- 
pated is limited only by electrical factors. The mean power, of course, is 
still limited by the same considerations as the continuous wave case except 
that allowance must be made for the temperature rise in the pulse. For very 
short pulses this may be neglected and the size of the device is not so 
restricted as the C.W. case. 

Consider again the numerical example in the last section (Fig. 10.1). The 
length / could be increased if the mean power per unit area Q/ were reduced 
in proportion, by reducing the duty cycle from C.W. This would yield an 
increase in peak power at the expense of mean power. Impedance limitations 
would allow an increase in area proportional to that in length, so that the 
peak power could increase as /*. However, due to the divergent heat flow in 
the heat sink, this would not allow the mean power to remain unchanged as 
it would for parallel flow. The mean power would have to be reduced in 
proportion to the square root of area. Proportional increases in length 
and area then would give an increase in peak power as /? and a reduction in 
mean power as /, for the same resistivity and drive voltage. 

For intermediate pulse lengths we must consider the temperature rise 
within a pulse and determine at what pulse length the problem becomes 
essentially the C.W. one. 

Consider then, low duty cycle pulsed operation so that at the start of 
each pulse the device and heat sink are at a comparatively low and uniform 
temperature. 

Equation (10.1) for the temperature drop in the active region can be 
expressed as a heat flow equation 


_ 2Ky A 
Q/ = log ( T, 


where we recognise Q/ as the heat flow per unit area. The lower initial 
value for T, improves the heat flow hardly at all (e.g. by only log 4/3 if 
T, is reduced from 400°K to 300°K). 

If the resistivity and drive field are changed from the C.W. values to 
increase Q by a large margin, as they frequently are for pulsed operation, 
then the thermal diffusion equation 


oT oT 
approximates to aT 
ar aa 


where s is the specific heat and g the density. 
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In other words the heat input rate so far exceeds the maximum heat 
sinking capacity that the GaAs may be considered as a thermally isolated mass 
for the duration of the pulse. 

In this case the temperature rise is linear and is given by 


oT Q E; E, 
—=—_ = = 10.5 
ot gs pgs ie) 


which can frequently exceed values of 100°C/j1sec, virtually ruling out 
pulse lengths much over one microsecond. 

On the other hand, if the dominant temperature drop is not in the GaAs 
(Eqn (10.1)) but in the heat sink (Eqn (10.2)), as would be the case in 
large area devices of around 1 Qcm resistivity, then thermal diffusion into 
the heat sink may lengthen the possible pulse duration. 

Plane parallel thermal diffusion of a step function in temperature into 
a conducting medium is such that after a time ¢ the temperature at a plane 
distant ~(kt/gs)* from the surface is half the temperature at the surface. 
Hence, very approximately, the heat sink may be said to have a transient 
thermal capacity 

~(Kt/gs)* . gs = (Ktgs)?. 


Values of this quantity are given in Fig. 10.3 for various materials, and 
may be compared with the thermal capacity of a 10pm layer of GaAs 
(1:6 x 10-3 J°C-!cm~?). While the transient thermal capacity values 
must be regarded as uncertain to a factor of two due to the approximate 
nature of this argument, it may be seen that pulse lengths could be increased 
by choice of a suitable heat sink and geometry. 

For example, consider a 6m layer of 0-7 Q-cm GaAs bonded directly 
to a copper heat sink. If the threshold is 3-5 kV/cm and the bias 20 kV/cm 
then the power density Q =108 W/cm as noted previously. For a radius 
a = 80 um this corresponds to 12 W total dissipation and the device would 
run C.W. at an ambient temperature T, = 300°K. The interface temperature 
T; would be 420°K and the maximum T, = 480°K (Eqn (10:3)). 

Now suppose the radius were doubled to a =160 1m. The dissipation 
would be 48 W and the device could not be run C.W. as the interface 
temperature would then be 540°K and Ty would be 700°K. If the GaAs were 
isolated, the rate of temperature rise within a pulse would be 60°C/pIsec, so 
a pulse length of 3 psec would be possible. If, as before, the active layer 
were bonded to a copper heat sink, then for a pulse of 36 sec there is a 
transient thermal capacity of about 22 x107-3J°C~!cm~? to be added 
to the 1x 107° J°C~1cm~? of the 61m layer of GaAs. This leaves an ade- 
quate margin in view of the approximate nature of this argument, so such a 
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Thermal conductivity, 


Thermal diffusion 


Transient thermal 
Capacity in a planar 
structure for a 


Material Density, g, s, Joules gm~* K, Watts cm-! °C-? constant, pulse length 
(gm cm~3) °C-1 at 300°K at 300°K K/gs t = 1 psec, 

(cm? sec~') (Ktgs)?, Joules 
&G-f:cmr? 
GaAs 5-3 0-3 0-5 see Fig. 10.2 0:31 0-9 x 10-3 
Diamond type Ila 3-52 0-51 20 11-1 6-0 x 10-3 
Copper 8-89 0-39 3:85 1-1 3:65 x 1073 
Silver 10:5 0-234 4:07 1-65 3-2 x 1073 
Tin 7:3 0-226 0-65 0-39 1:0 x 10-3 
Gold 19:3 0-125 2:93 1:21 2:6 x 1073 
Molybdenum 10-1 0-30 1-45 0-48 241053 


Fic. 10.3. Thermal constants for various materials. 
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pulse length should be safe. Clearly, a numerical analysis should be made 
when designing a long pulse device, but these figures illustrate the advantage 
that may be gained. 

It remains to consider the cooling between pulses. In the example just 
given, where most of the heat is stored in copper adjacent to the active layer, 
the temperature decay is a simple exponential, since the thermal conductivity 
of copper (and of most likely heat sink materials except diamond) is 
temperature independent. 

In that case then, 


f +T,=(h = Tje™ (10.6) 


where J = Q/na7t, is the total heat stored in the pulse, and P is the rate of 
flow of heat at the maximum allowed temperature Tp. If the heat is stored 
mainly in GaAs or diamond, then the tail of the exponential is shortened by 
the improved conductivity at lower temperatures. 

The mean power dissipated under pulsed operation must always be less 
than under comparable C.W. operation as the temperature fluctuation 
prevents the maximum heat flow being obtained. Approximately, the mean 
power is appropriate to the mean temperature and the C.W. power is 
higher, corresponding to the peak, Ty. The greater the temperature rise in 
the pulse, the more non-linear must be the cooling between pulses and so the 
lower the mean temperature. In most cases it should be possible to maintain 
the mean temperature in excess of Tp/2, and for short pulses (< ~ 100 nsec) 
the C.W. mean power can be approached. 


10.4 CAVITIES 


The essential negative resistance mechanism is very broad band and can 
generate power over at least an octave, and in favourable circumstances over 
several octaves. Gunn devices also operate at rather low impedance levels, 
especially when designed for pulsed operation. 

These facts do present some difficulties in cavity design, in contrast to 
conventional microwave generators where single frequency transformer 
concepts can readily be used. The low impedance means that quite low Q 
circuits will support strong oscillations, so the designer must be careful 
to exclude from his cavity even weak resonances at unwanted frequencies. 
Moreover, the broad band capability implies that this must be true over a 
wide frequency range. 

Coaxial cavities are well suited to satisfy these requirements and have 
been exploited with some success as described in Sections 10.5 to 10.7. 
A coaxial cavity in its (usual) lowest mode has a comparatively low impedance 
and can easily be designed to give no resonance below the design frequency 
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(except in the bias circuit which is readily damped). Apart from the device 
package resonances, it is possible to avoid other resonances at up to two 
to three times the design frequency, and it is comparatively exceptional for 
Gunn diodes to be so broad band that resonances would be preferred at 
frequencies higher than that. 

This leaves the problems of the package resonances which are difficult above 
about 15 GHz and acute above 30 GHz. 

Waveguide cavities have in general much higher impedances and Q values, 
and it is more difficult to suppress unwanted resonances which may occur 
even below the design frequency. The higher impedance usually results in 
weaker coupling between the device and the cavity, leaving more freedom 
to package and stray reactances to produce further unwanted resonances. 
More attention has to be paid to these factors when designing waveguide 
cavities and the tuning range is usually more limited than for coaxial 
cavities. Once the correct mode is reliably established, however, the higher 
Q leads to better stability and noise as described in Section 10.8. 

The distinction made here between waveguide and coaxial cavities is based 
on loaded Q, or rate of change of reactance with frequency. Other circuits 
often used with Gunn diodes are stripline and YIG (yttrium iron garnet) 
sphere cavities. The stripline circuits are usually still lower Q than coaxial, 
and so are noisier and less stable, while YIG spheres usually provide very 
high Q, stable oscillators. 


10.5 SMALL CONTINUOUS WAVE OSCILLATORS 


Small C.W. Gunn oscillators are the most highly developed bulk solid state 
microwave source and are now well established in commercial production 
and military equipments. 


General Purpose J-Band Local Oscillator 


Frequency range 12-4 to 18 GHz 

Continuous output power 5 mW c.w. min. when operated in a cavity controlled 
domain mode in a coaxial cavity. 

Continuous input power Not to exceed 3 Watts. 

Noise When driving a balanced mixer followed by a 60 MHz I.F. 


amplifier with a 20 MHz bandwidth the local oscillator 
noise must not degrade the overall noise factor by more 


than 0-1 dB. 
Life Over 5000 hours continuous. 
Temperature range —40 to +70°C. 
Vibration and shock To military standards. 


Fic. 10.4. Specification of a typical local oscillator. 
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C.W. oscillators have been designed to meet two principal uses, initially at 
X-band (8-12 GHz) and later up to 50 GHz, as local oscillators and as trans- 
mitters for doppler equipment. They have been studied extensively by Warner 
and Herman‘*) on whose work these sections are based, and by many 
industrial organisations. 

Figure 10.4, shows the specification of a typical local oscillator, and 
Fig. 10.5 that of a doppler transmitter source. 


Doppler Transmitter Source 


Frequency 13:3 GHz 

Continuous output power 30 mW min when operated in a cavity controlled mode in 
a waveguide cavity. 

Continuous input power Not to exceed 3 Watts. 

Noise The F.M. noise power in a 70 Hz band 10 KHz away from 


the carrier shall be as low as possible but at least 50 dB 
down on the carrier. There must be no spurious coherent 
oscillations in the output. 


Life 5000 hours continuous. 
Temperature range —40 to +70°C. 
Vibration and shock To military standards. 


Fic. 10.5. Specification of low power doppler transmitter. 


10.6 COAXIAL CAVITY 


The coaxial cavity (Fig. 10.6) determines the mode of operation with little 
ambiguity and is therefore very suitable for a widely tuneable general pur- 
pose oscillator. An X-band cavity has inner and outer diameters of 0-28 
and 1-0cm respectively, or less, so that the lowest frequency waveguide 
mode allowed is 15 GHz, well outside the desired operating range. The 


AA Radial line,dielectric filled 


Output laap 
Gunn diode or probe 


Fic. 10.6. A coaxial cavity. 


COAXIAL CAVITY 287 


length of coaxial line required to match the equivalent circuit (Fig. 5.16) 
is usually small and inductive, a condition which is repeated with the addi- 
tion of successive half wavelengths. The cavity length chosen is just over 
one half wavelength and the diode position is at one eighth wavelength 
from one end. 

A match could be found at any position in an ideal cavity, but in real cavity 
(with loss) the centre (A/4) is forbidden as the loss component dominates 
the load there presented to the diode. 

Near the end of the cavity a match is also obtained at the second harmonic, 
but this frequency is suppressed if the diode is placed at the A/8 fundamental 
point, which is a A/4 second harmonic point. The lowest frequency, there- 
fore, which may find a match is the third harmonic, and this is generally 
outside the favourable oscillation range of a transit time diode. 

The d.c. break needed for the bias supply is provided by a quarter 
wavelength mica filled radial line. 

The output is coupled either with a loop or a capacitive probe, and is 
optimised for the desired working conditions. The probe may be pushed or 
screwed in and out, and the loop rotated to vary the coupling. A well 
designed loop should permit over-coupling, that is, two peak positions 
should exist with the plane of the loop non-parallel to the cavity axis as 
shown in Fig. 10.7. The loop of internal area 0-83 mm? was too small in 
this example. Equally a probe should be designed to have an optimum 
position which is not at one of its geometric extremes. 


Loop with internal Loop with 
oreo of 0-83 mm2 ersene) area 


Output power mW 


0 40 80 120 160 200 240 580 320 360 
Angle of coupling loop relative to the cavity oxis. 
(Degrees) 


Fic. 10.7. Relative outputs from a coaxial cavity as a function of coupling loop angle for 
two loop sizes. The loop of area 0:83 mm? is too small to couple optimally.“ (Crown 
Copyright, published by permission of the Controller of Her Majesty's Stationery Office). 
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The characteristics of a diode in this cavity are shown in Fig. 10.8. The 
output power and efficiency jump from zero at the threshold bias level 
and continue to rise to the safe operating limit of this rather low power 
device at 7 V. The drive current shows a characteristic negative jump at 
the threshold for output, and a general negative trend. This is partly residual 
negative resistance, but mostly due to the positive temperature coefficient 
of resistance. 
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Cc 
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Oo | 2@ 3 4 5 6 Ff 8S 
Bias voltage, volts 


Fic. 10.8. Characteristics of a low power C. W. Gunn diode in a coaxial cavity.“ (Crown 
Copyright, published by permission of the Controller of Her Majesty’s Stationery Office). 


The current-voltage curve for a device oscillating under pulsed drive its 
more nearly flat, apart from the jump. 

The frequency in this case rises quite steeply with applied voltage. 
However, this is device and cavity dependent, and may be more nearly flat, or 
negative. 

We remark here that modulation, either of frequency or amplitude, will 
not very conveniently be obtained by operating on these characteristic 
curves due to the severe non-linearity in the power-bias relationship, 
frequently much worse than Fig. 10.8, and the variability of the frequency 
dependence. 


10.7 MECHANICAL TUNING OF A COAXIAL CAVITY 


The cavity may be tuned by inserting a screw through the outer wall, whose 
inductance always lowers the frequency. This provides a rather coarse but 
very simple tuning mechanism and is an appropriate technique for a source 
with a preset frequency. 
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An alternative is to vary the length of the cavity by means of a choked 
plunger end wall. This was the technique favoured by A.S.M. Ltd., as it is 
very rugged, but again rather coarse. 

The technique first employed, shown in Fig. 10.9, is that of sliding a 
dielectric washer from near one end of the cavity to its centre.“ This gives 
a tuning range of up to 2 GHz for a 1mm washer of dielectric constant 
10 such as sapphire. Any desired finer range can be obtained by using lower 
dielectric constants and thinner washers, and the only doubt about the 
mechanism lies in the possible fragility of the dielectric rods which connect 
the washer to the tuning control. They are certainly adequate for most 
equipments but may be vulnerable under conditions of severe shock or 
vibration. 


A) A) 
Fic. 10.9. A coaxial cavity mechanically tuned by means of a sliding dielectric 
washer.“*? (a) Gunn diode; (b) Alumina washer; (c) Dielectric rod; (d) Ball race; 
(e) Tuning knob; (f) Mica; (g) Nylon screws; (h) Copper heat sink; (i) Varactor; 
(j) Output connector ;(k) Rotatablecouplingloop. (Crown Copyright, publishedby permission 
of the Controller of H.M. Stationery Office). 


The design procedure for this tuning system is as follows: 

Suppose that the maximum required tuning range is from a wavelength 
A, to a longer wavelength 4,. Let the two corresponding angular frequencies 
be w, and @z, respectively. Assume that the GaAs wafer looks like a lumped 
capacitance C positioned at a distance x from the left-hand end of the cavity. 
Let e denote the relative permittivity of the washer material and let Z, 
denote the characteristic impedance of the air-filled line. First, let us con- 
sider the case when the dielectric washer is at the right-hand end, as shown 
in Fig. 10.10. Neglecting losses, the input reactance of the short-circuited 
line on the left-hand side of C is 


jX, = IZo tan (2nx/A,) (10.7) 
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and the input reactance of the short-circuited line on the right-hand side 


of C is 


e-* tan (2nde*/A,) + tan (27y/A,) 


iX5 = [Z_—_——— ee .. 
J02 = J©0 7 == tan (Qnde®A,) tan (Ony/A,) 


The condition for resonance is that 
JX, + jX2 + (ja; ©) = 0. 
It follows at once from Fig. 10.10 that 
L=x+ytd 


From the equations above, we find, after rearrangement, that 


L=d+x + (nd,/2) — (A,/2x) tan? {tan (2nx/A,) —(1/@, CZ)} 


— (A,/2n) tan~! {e7* tan (2nde*/A,)} 


where 7 is an integer, which is normally unity. 


(10.8) 


(10.9) 


Let us now consider the other extreme, where the dielectric washer is 
centred on the voltage antinode, as shown in Fig. 10.11. It is convenient 
to replace capacitance C and the short-circuited line to the left of it by a 
straightforward short-circuited line of length /. The condition for equivalence 


at a wavelength A, is 
1 = (A,/2n) tan~! [tan (22x/A,) — (1/a2. CZo)]. 
The reactance at the voltage antinode, looking to the right, is 


e* tan (2nz/A,) + tan (mdet/A,) _ 


iZ, -; _ 2 ; 
Joe" Fara) HAGEL) 
Thus e? tan (27z/A,) tan (nde*/A,) =1. 
It follows from Fig. 10.11 and the definition of / that 
ee a ae a fee tan (==) re 1 
a 2 Ay @2 CZ 
ane pe bret Gy d 
os P) 5} 


(10.10) 


(10.11) 


(10.12) 
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when 
2nx 1 
t < ———_ 10.13 
an ( ) @, CZo ( ) 


Using Eqns (10.9) and (10.10), and either (10.12) or (10.13), it is now a 
straightforward matter of plot a curve of e* tan (27z/A,) tan (de*/A,) against 
d, for any given values of A,, 42, x, C, Zo and &. The two values for d at 
which Eqn (10.11) is satisfied are two alternative thicknesses for the dielectric 
washer to obtain the required tuning range. If too large a range is sought, 
no solutions will be found. When 4, =3cm, C=02pF, Zp = 7690 
and x = 0-4cm, the maximum theoretical tuning ranges are found to be 
800 MHz with p.t.f.e., 1 GHz with Distrene and 2-4 GHz with sapphire. 


Resonant 


ot 3) la 


Fic. 10.10. A coaxial cavity with the dielectric tuning washer at its extreme right-hand end.“ 
(Crown Copyright, published by permission of the Controller of Her Majesty’s Stationery 
Office). 


The tuning ranges obtained in practice are about 20% lower than these 
theoretical values. Possible reasons for this discrepancy are the finite band- 
widths of the p.t.f.e.-filled choke system and the mica-filled radial lines, 
the omission from the theory of discontinuity reactances and over-simplifi- 
cations of the equivalent circuit of the GaAs wafer. 
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Resonant 2le 
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Fic. 10.11. A coaxial cavity with the dielectric tuning washer at the voltage antinode. 
(Crown Copyright, published by permission of the Controller of Her Majesty’s Stationery 
Office). 
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10.8 ELECTRONIC TUNING OF COAXIAL CAVITY 


The cavity may conveniently be tuned electrically by means of a variable 
capacity diode (varactor) mounted in a separate cavity coupled to the first 
one. The equivalent circuit of this arrangement is shown in Fig. 10.12, and 
an analysis) is given below. 


Equivalent circuit of 
voractor junction 


Fic. 10.12. Equivalent circuit of a Gunn diode coaxial cavity electronically tuned by means 
of a varactor diode.‘S) (Crown Copyright, published by permission of the Controller of Her 
Majesty’s Stationery Office). 


If X, and X, represent the reactances of the primary and secondary cir- 
cuits, the total primary impedance at an angular frequency w is given by: 


w* M?R : 
BR Pea ee TX) (10.14) 
where 
1 
XS OL == 47 etan (~) + Z, tan (=) (10.15) 
@C c c 
and 222 
wo’ M* X 
X,= =: 10.16 
"  R? + X,? ( ) 


In Eqn (10.15), Z,) denotes the characteristic impedance of the main cavity 
and c is the velocity of propagation. Let the cavity-controlled Gunn oscilla- 
tion occur at a frequency, fo, and angular frequency, wo, at which 
X, = Xp, Xs = Xgq and X, = X,o. Then, the condition for oscillation is 
seen to be: 

Xo — X10 = 0. (10.17) 


Suppose now that C, is increased to C, + AC, and let this change cause the 
oscillation frequency to increase from fy to fo + Afo. The condition for 
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oscillation now becomes: 


ox ox OX 
X +( e) Afy — [Xn + (>) A +(e) acs} = 0. 
gs of }s=40 fo af /s=46 fo aC, / s= 40 
(10.18) 
From 10.17 and 10.18, it follows that: 
(AX, /0C.) 5 = 5 
Af, = = .. AG. (10.19) 
Mo = GRTeDi=«s — CK ee 
From (10.16) we get 
6x, 2 2 (R,? x. X,”) 
aX, =o*M (R2 +X (10.20) 


If we can assume that the inductive reactance in the secondary circuit in- 
cluding that of the coupling loop is provided by a lumped inductance, L,, 
s = 1 

ac, Inf C2 - 


1 ox 


Se BE = oe and 


(10.21) 


If the side arm is large as in Fig. 10.1, we can assume that the coupling loop 
and the tapered line are equivalent to a shorted line of length / and charac- 
teristic impedance, Zp. We then have: 
2rfl 1 ox 1 
= gi Oe ee 
) Mfc, “"" 8, ~ ofc? 


X, = Zo’ tan ( (10.22) 


The loaded Q factor of the complete circuit at frequency fo is given by: 


— {OX IP )s= so — OX/P)s= sot 


_— fine a aes DERE. PPGLLES OO RE CONN . 
es 2(Rr ot: Wo" M? R,/(R,” + X30 )) 


(10.23) 


The fraction of the generated power which is lost in the varactor is given by: 


(a7 M? RR? i X 507) 


= sn: 10.24 
"Ry + oo! MRR + X07) a 
The cut off frequency of the varactor can be defined as: 
1 

je= aC, (10.25) 

From Eqns (10.19), (10.20), (10.22), (10.23), (10.24), (10.25), 

R 2 

i an Se (10.26) 


201 ; C, “BY ra xo 
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The last term in this equation is equal to +1 when X,)9 = 0 and —1 when 
|X so] > R,. A matter of considerable interest is the variation in Af as fo 


is varied by the mechanical tuner, which changes the effective value of y. 
Ei @” M? R, 
Rig vy 2 <R 
R, + X50 


eqn (10.26) can be simplified to: 


Wo \? Ry? — X40" 
Afp = K(—) .— 10.27 
fo=K(S) are ae 
where o, is the angular frequency at which the secondary circuit is resonant 
and 2 py2 
o, M* R,f, AC 
K = ——~— .— . 10.28 
ik, “C, tae 


Figure 10.13 shows how Afo varies with fo for different values of K and two 
different side arm configurations. In order to keep Afp reasonably constant 
as fo is varied, it can be seen that 
(i) a lumped circuit side arm should be used; 
(ii) resonance in the side arm should be arranged to occur at a frequency 
below the bottom end of the mechanical tuning range. 


Experimental results obtained with a side arm, which was slightly longer 
than one wavelength and resonant at 9.8 GHz show that Eqn (10.26) is 


Resonant frequency 
of side arm 


Electronic tuning range Af Mc4& 


8 9 10 Ul 12 
Oscillation frequency Gc/s 


Fic. 10.13, Variation of Afg with fo for different varactor side arm conditions.“ (Crown 
Copyright, published by permission of the Controller of Her Majesty’s Stationery Office). 
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essentially correct (see Fig. 10.14). The three different curves in this diagram 
were obtained by setting the varactor coupling loop at different angles to 
vary K. 

The analysis given above is only accurate for very small changes in C,. 
A lengthier treatment of this problem, for the case of special interest where 
X, > R,, shows that: 

Af = — fe, Co= 6s) (Pi = Pa) foi 

2010 C, P 1 

where f,, is the varactor cut-off frequency with zero bias, Qo is the loaded 
Q factor with zero bias, Cy is the varactor capacitance with zero bias, C, 
is the varactor capacitance when a reverse bias voltage, V, is applied to it, 
P, is the power output with zero coupling into the varactor side arm and P, 
is the power output with zero bias on the varactor and the value for M that 
gives the frequency change Af. 
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Fie. 10.14. Variation of Afo with fo for various values of side-arm coupling.“*) (Crown 
Copyright, published by permission of the Controller of Her Majesty's Stationery Office), 


Figures 10.15 to 10.18 show some experimental results which were 
obtained with ZCSOEH varactor mounted in a lumped circuit side arm. 
With a change from —1 V to zero on the varactor it can be seen from Figs. 
10.15 and 10.16 that f= —162MHz, P, =144mW and P, = 7-9mW. 
From the data for the particular varactor used in this experiment, it is 
estimated that: 
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Fic. 10.15. Electronic tuning curves for a ZC5OEH varactor in a lumped circuit side arm. 
(Crown Copyright, published by permission of the Controller of Her Majesty’s Stationery 
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Fic. 10.16. The reduction in output power as the electronic tuning range is increased by 
increasing the side-arm coupling.© (Crown Copyright, published by permission of the 
Controller of Her Majesty's Stationery Office). 
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Fic. 10.17. A tuning range of over 600 MHz for a ZCSOEH varactor in a lumped circuit 
side-arm.©) (Crown Copyright, published by permission of the Controller of Her Majesty’s 
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Fic. 10.18. Variation of tuning range with oscillation frequency for a ZCSOEH varactor:in 
a lumped circuit side-arm.“? (Crown Copyright, published by permission of the Controller 
of Her Majesty’s Stationery Office). 
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foo = 75 GHz and (Cy — C,)/C, = 0:37. With these values, a loaded Q 
factor of 39 is necessary for Eqn (10.29) to be satisfied. Loaded Q factors 
very close to this value have been deduced from pulling experiments on 
these miniature oscillators so the agreement between theory and practice 
appears to be very satisfactory. 

Anelectronic tuning range of over 600 MHz is shown in Fig. 10.17 and the 
largest range obtained with this system is over 800 GHz. Tuning ranges of 
over 1 GHz have been obtained at 3 GHz in a stripline cavity, and at 
14 GHz in a waveguide cavity” using varactor diodes, despite the difficulty 
of varying the coupling in such cavities. 


10.9 ELECTRONIC TUNING WITH A YIG SPHERE 


YIG (yttrium iron garnet) sphere cavities have rather high Q values and give 
very stable output, but the principal reason for their use lies in the tuning 
that can be achieved by varying the static magnetic field in which the 
resonant sphere lies. 


Diode Packaged 
gunn diode 


YIG Holder S \ “single crystal 
YIG Sphere 


Output loop 
{loop is going into paper) 


Fic. 10.19. Cross sectional view of a YIG-tuned Gunn oscillator circuit. 
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Fic. 10.20. Measured power output and applied magnetic field as functions of frequency 
fora YIG-tuned cavity. 
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Figure 10.19 shows a YIG sphere cavity designed by Omori‘®. The 
diode loop and output loop are orthogonal so that there is zero coupling in 
the absence of the YIG sphere. The resonant frequency of the sphere follows 
the relation 

f= 28 x 10°H (Hz) (10.30) 


where H is the applied magnetic field in oersteds, and Fig. 10.20 shows how 
closely the experimental results follow this relation. Due to stray resonances 
the power variation is not very smooth in this example, but Fig. 10.21 
shows an excellent curve obtained when this has been remedied. 

The coupling through the YIG sphere is rather weak, less than that 
needed for optimum power, and this of course enhances the already good 
stability and noise. 
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Fic. 10.21. Power output as a function of frequency for a YIG-tuned cavity.“ 


10.10 STABILITY, NOISE AND TEMPERATURE EFFECTS 


These three properties are taken together as they are rather closely linked. 
The chief cause of frequency variation in a Gunn oscillator is change in the 
effective capacity of the diode. Random fluctuations of about one part in 
10° lead to f.m. noise; its very variable temperature dependence leads to 
an overall frequency temperature coefficient between +0-5 and —3-0 MHz/°C 
and a long term stability of about } MHz/hr if there is no stabilisation (see 
Fig. 10.22). 

These rather unsatisfactory features must be related to the cavity in which 
the diode operates, as they are highly dependent upon its parameters. The 
figures were obtained for the miniature coaxial cavity of Fig. 10.6. 
This cavity, although controlling very well the selection of the mode in 
which the diode operates, is sensitive to its capacity. If a cavity is chosen 
in which the rate of change of reactance with frequency is very large, then 
the effects of variations in the reactance of the diode are correspondingly 
small), 
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As discussed in Chapter 8, the f.m. noise of a Gunn diode can in this way 
be reduced to a value comparable with that of a good free running klystron. 
A moderately long waveguide cavity, with 2Ag between the diode and the 
short-circuit, works well. For precisely the same reasons the temperature 
coefficient and long term stability are also greatly improved as compared 
with the miniature coaxial cavity. The temperature coefficient of a Gunn 
oscillator in a 2Ag waveguide cavity differs by only up to about 50 kHz/°C, 
from that of the cavity itself, in the range —40 to +70°C. The long term 
stability in a waveguide mode cavity is shown in Fig. 10.23. This cavity 
was not temperature stabilised, and it may be seen that the frequency follows 
the temperature variations of the laboratory over two and a half days. 
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Fic. 10.22. Long term frequency stability of a Gunn oscillator ina coaxial cavity.©? (Crown 
Copyright, published by permission of the Controller of Her Majestys’ Stationery Office), 
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Fic. 10.23. Long term stability of a Gunn oscillator in a waveguide cavity. (Crown 
Copyright, published by permission of the Controller of Her Majesty's Stationery Office). 


10.11 MODULATION 


Gunn oscillators may readily be modulated although good fidelity will not 
easily be achieved by operating on the characteristic curves themselves, 
due to their non-linearity and the variation from device to device. 
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Frequency modulation can clearly be accomplished by using the varactor 
tuning capability such as Fig. 10.15. This curve is reasonably linear and ex- 
ceedingly high modulation frequencies are achievable as the varactor 
capacity presents a trivial load to a drive circuit. 

Amplitude modulation is more complex as envelope feedback must gen- 
erally be employed to achieve good fidelity.“°) The technique is shown in 
Fig. 10.24. The bias to the Gunn diode is the output of a differential amplifier, 
whose inputs are the desired modulating signal and an envelope feedback sig- 
nal obtained from a detector diode coupled to the transmitter cavity. The 
degree of coupling is very small to ensure that the detector is operating in 
its square law regime, as does the receiver detector. 
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Fic. 10.24. An amplitude-modulated communication link employing envelope feedback 
on the transmitter.¢® (Crown Copyright, published by permission of the Controller of Her 
Majesty’s Stationery Office). 


An alternative technique is the use of pulse width or pulse code modulation. 
Gunn diodes can generate extremely narrow microwave pulses“) and in 
Fig. 5.28 is shown a 3 nsec pulse of 1-6 W at 14 GHz. The rise time is about 
1 nsec and the maximum pulse length, as determined by thermal effects in 
Section 10:2, would be about 1 psec. Thus, very precise pulse width modu- 
lation or rapid pulse code modulation (over 100 Mega bits/sec) is possible. 


10.12 FREQUENCY LOCKING—MULTIPLE DEVICES 


To meet the demands for higher powers, various attempts are being made 
to combine the outputs of many devices in a coherent manner. While it is 
difficult to define precisely what is meant by a single device, a simple con- 
vention is that one microwave package or encapsulation constitutes a 
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device. This has some merit in that the contents of a package, which may 
indeed be several parallel or series elements, usually are made from the 
same piece of material and phase lock together without any external aid. 
Devices have also been operated very successfully in series“) but again 
this almost brings us back to a single source. It is in a distributed combina- 
tion of many devices that the real interest lies, for in principle there is no 
limit to the total power that may be obtained. 

Rather little has yet been achieved in this area; most of the studies have 
been of phase locking essential to give a coherent source.“!> ‘*) 

The readiness with which a device can be phase locked can be charac- 
terised by a figure of merit 4 defined as 


Ay {Po \* 
poe (>) (10.31) 


@) \P, 


where Po is the output power of the device which would run freely at a 
frequency Ap, and P, is the power required to be injected to shift the 
frequency by Ay to @,. 

An average value for 9 for X-band Gunn diodes is 0-016, which means that 
for P;/P, of —35dB the frequency can be shifted by about 1 MHz.“'* 1% 

Unfortunately @, is dependent on bias voltage and temperature to an 
extent which varies appreciably from device to device. This means that a 
distributed combination of devices would tend to break up into their com- 
ponent frequencies when subjected to even moderate temperature excursions 
unless heavy locking signals were applied. This is one of the main problems 
in combining devices on a large scale. The other major difficulty is to avoid 
breakdown of devices in the large microwave fields which could be generated. 


10.13 OPERATION AT 1 TO 8 GHz 


The operation of Gunn devices at frequencies below X-band raises a 
number of difficulties in obtaining the appropriate parameter values. 

At 1 GHz, for example, the appropriate transit dimension is 100 pm 
and the carrier concentration about 10'*cm7~?, although output can be 
obtained from 50 um samples. Until about 1968, these parameters could 
be achieved only in bulk material, which is usually a compensated crystal 
with shallow donor density (0:21 eV“) and a higher defect density than 
epitaxially grown GaAs. The shallow donors lead to a negative temperature 
coefficient of resistivity, and there is some evidence that the defects promote 
rapid migration of contact metals (especially tin). Both these factors en- 
courage device failure, and most experiments were carried out at very low 
duty cycles to avoid large temperature rises. 
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In 1968 a number of laboratories developed liquid epitaxy to yield 
uniform layers of about 100,:1m with carrier concentrations as low as 
10'3cm~3 and at the same time vapour phase work was being extended to 
produce thicker layers with lower concentrations than the familiar X-band 
material. 

Apart from the material, the change of scale raises more fundamental dif- 
ferences from X-band operation. The most important are thermal. We saw 
in Section 10.1 how important is the length of the heat-flow path in the active 
layer, and longitudinal geometry at 1 GHz brings this home acutely. For 
10Qcm material, 100 jim thick, working at even 1-5 times the threshold field, 
the upper surface temperature would be 470°K for a heat sink at 300°K. 
It is possible to obtain continuous operation as low as 2 GHz, and despite 
competition from transistors commercial success has been achieved. 

If the geometry is changed to a transverse structure in which the heat 
flows perpendicularly to the electric field, some improvement may be 
obtained. This requires a good bond to a high thermal conductivity 
dielectric such as beryllia or diamond, and little has been achieved in this 
direction so far. Transverse operation in epitaxial layers on insulating 
GaAs is not very useful in this respect as the GaAs is such a poor thermal 
conductor. 

The other major thermal effect is on pulse length. The appropriate re- 
sistivities at 1 GHz are ten times lower than at 10 GHz so that the power 
densities are lower and the possible lengths ten times greater on an adiabatic 
basis. The poorer heat sinking implies that little advantage will be obtained 
from thermal diffusion into the heat sink, as a means of increasing the pulse 
length. 

For these reasons, the bulk of the work at 1-2 GHz has been with adiabatic 
pulse lengths. Under these conditions, peak powers of over 1 KW have been 
achieved”) with efficiencies up to 29%.” 


10.14 DRIVE REQUIREMENTS 


The input power requirements for Gunn oscillators are generally low and 
very convenient by conventional microwave standards. 

Low power X and J(Ku) band C.W. devices usually dissipate about 1 W 
at 7 to 20 V, depending on the resistance. More ambitious devices may 
dissipate up to 20 W even on copper heat sinks !%, 

There is no difficulty in supplying these requirements from transistorised 
sources or from batteries for the lower powers. The only precaution that is 
necessary is the provision of a damping circuit to prevent bias circuit 
oscillations generated by the residual negative resistance which an oscillating 
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Gunn diode frequently presents. A capacitor or capacitor resistor chain in 
parallel with the active device is sufficient. 

The drive requirements for pulsed devices are again readily met by tran- 
sistor pulse generators. Typically a 10W output X-band device would 
require a drive of up to 200W at 20 to 50V. The fastest rise times are 
achieved with avalanche transistors, or for laboratory work mercury 
wetted switches. Fig. 10.25 shows a 70 V 6A pulse with a | nsec rise time 
generated by an RT.3333 avalanche transistor.“ )) 


Fic. 10.25. A driving pulse of 70V,6 A, and arise timeof 1 nsec, generated by an RT.3333 
avalanche transistor. The trace is 10 nsec long. (Crown Copyright, published by permission 
of the Controller of Her Majesty’s Stationery Office). 


There is some merit in using charge limited pulse generators such as 
switched delay lines, especially for laboratory work. It is comparatively 
easy to drive Gunn generators into avalanche breakdown during evaluation; 
indeed, if this is not done it is impossible to know whether maximum power 
has been obtained. Provided the pulse length is not too long (~ <100 nsec) 
and the delay line impedance is matched to within a factor of two, the 
avalanche breakdown will not damage the device and the breakdown con- 
dition can be examined as a function of microwave load and driving power. 
This fortunate circumstance is a consequence of the fact that a perfect 
delay line pulse generator dissipates all its energy in the load whether matched 
or not. If the match is good the energy is absorbed as a single clean pulse, 
whereas a mismatch simply produces a train of reflections which ultimately 
is absorbed in the load. Any mismatch does of course imply that more 
energy is supplied to the device than is necessary for correct operation on 
the first pulse, and should be avoided under critical conditions. All this 
does not, nevertheless, mean that devices may be driven to avalanche with 
impunity, except for short pulses. The electric field distribution may be very 
non-uniform and lead to severe local heating, even though the average power 
density is no greater than when operating normally. It is clearly safer to 
use a delay line whose impedance is too high rather than too low, in order 
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to limit the current and hence the local heating under avalanche conditions. 

Conventional pulse generators such as transistor power switches should 
again preferably be matched to the Gunn diode, rather than being voltage 
sources as is frequently the case, if they are used in experimental equipment 
or in the laboratory. 


10.15 MINIATURE DOPPLER SYSTEMS 


The simplicity of Gunn diode microwave generators has prompted the 
development of a new generation of miniature doppler radars. While the 
principles were not new and the systems could have been built with vacuum 
tubes in the past, as indeed speed meters were, the possibilities of miniature 
systems operating on low power voltage sources, such as torch batteries, 
have proved most attractive. 

The simplest doppler system, used as a burglar alarm, is shown in 
Fig. 10.26. The generator and detector diodes are mounted across the same 
waveguide and a simple horn is used as a common transmitter and receiver 
aerial.?© This arrangement is acceptable at low power levels such that the 
detector diode is not over-loaded by the transmitter. The detector or mixer 
diode is connected to a low noise low frequency amplifier capable of 
responding to the lowest doppler frequency of interest. At 10 GHz the 
doppler frequency is 33-3 Hz per knot of relative velocity, so for a burglar 
alarm the amplifier must respond to frequencies as low as a few Hz. Placing 
both transmitter and receiver in the same waveguide, while very cheap, is 
not the most sensitive system since under optimum conditions the detector 
must be adjusted to absorb half the power both for transmission and re- 
ception, hence the overall sensitivity is one quarter (6 dB down) of the ideal. 

This may be improved either by using a duplexer or more commonly a 
separate transmitter and receiver horn. Such a system can give a detection 
range of fifty yards for a man and has been exploited on a large scale for 
burglar alarms. 
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Fic. 10.26. A simple Gunn diode doppler radar, suitable for a burglar alarm or speed meter. 
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F.M. noise is not a serious problem with such short range equipment even 
though the noise is pronounced at low modulation frequencies. For a target 
at say fifty feet it is the frequency shift in 100 nsec that matters, so the F.M. 
noise suppression at low frequencies is very substantial. 

There is some advantage in separating the receiver and transmitter by a 
large distance so that their beams overlap only in the desired protected area. 
This bistatic arrangement allows higher transmitter power to be used without 
over-loading the detector, it removes the extremely sensitive area near a 
common transmitter/receiver in which false alarms may be generated by 
birds, rodents or even insects, and it ensures that the reference signal to the 
receiver has much the same delay as any doppler shifted signal, and hence 
further reduces the effects of f.m. noise. It becomes, in fact, a clutter locked 
moving target indicator (M.T.I.). 

A more refined doppler radar is the speed meter such as the klystron 
powered units which have been used for traffic control for some years. The 
use of Gunn generators allows a great reduction in size and some hand held 
“speed torches’ have been made. 

They are basically the same as the burglar alarm except that counting 
circuits are included to measure the doppler frequency and display it as a 
speed. Targets are usually rather larger and the doppler frequencies higher 
than for the burglar alarm, so that the loss associated with mounting the 
detector in the waveguide can be tolerated. 

These, and more sophisticated equipment, are used to measure speeds in 
industrial processes and marine pilotage as well as in traffic control. 


10.16 PRECISION RANGING RADARS 


High precision ranging has in the past usually been accomplished by phase 
measurement or frequency modulation techniques. Both methods are, of 
course, available with Gunn generators and indeed rather large frequency 
sweeps (1 GHz or so) have been obtained. However, the short pulse capa- 
bility shown in Fig. 5.28 has improved pulsed ranging resolution to 0-5 m or 
less and a number of precision ranging requirements can be met with 
pulse techniques. This is particularly important where multiple targets are 
to be examined as the data processing involved in an f.m. radar is then 
rather costly. The chief cost in a short pulse radar is the wide band amplifier 
which must be used in the receiver, however, the pace of development in 
that field is very rapid and amplifiers with bandwidths of several hundred 
megahertz are now readily available. 

For resolution down to about 05 m then, especially for multiple target 
evaluation, the pulsed technique is very attractive, while for better resolution 
down to a few inches, or where only single targets are involved, the f.m. 
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technique may be preferred. This broad statement is only a guide line of 
course and some impressive multiple target f.m. radars have been built?!»?” 
using Gunn generators. 


10.17 SHORT PULSE RADAR 


As an example of the potentialities of the short pulse techniques, a high 
resolution pulse radar is discussed. 

The block diagram shows a standard layout for a radar (Fig. 10.27). The 
transmitter is a Gunn diode generating 5 W at 14GHz with a rise-time of 
1 nsec and a pulse width of 3 nsec, driven by an avalanche transistor. The 
power passes through a circulator to the aerial and the receiver arm leads 
to a balanced mixer through a blanking diode switch. The blanking diode 
prevents transmitter break-through, which would paralyse the receiver for 
about 30 nsec and prevent the examination of near targets, which is one of the 
virtues of the system. The total energy in a pulse of 15 nJ (0-15 ergs) might 
damage the mixer if applied directly, but the leakage past the circular would 
not; the blanker is not therefore necessary if near targets are not to be 
examined. 
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Fic. 10.27. Block diagram for a high resolution short pulse radar. 


The local oscillator is another Gunn Diode and the intermediate fre- 
quency amplifier must have a pass band of 700 MHz for best resolution— 
although for best signal to noise 350 MHz would be appropriate. The video 
amplifier needs a rise time of 1 nsec and must drive 20 to 50 V to a display 
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if this is an intensity modulated cathode ray tube such as a P.P.I. In order 
to achieve adequate brightness a rather high repetition frequency is neces- 
sary in order to integrate sufficient energy per spot on the screen from the 
short pulses. This is acceptable as the radar would be essentially a short 
range device—out to about 200m on a | m? target with a 0-5m diameter 
aerial. 


10.18 SHORT PULSE TRANSPONDERS 


The small size of Gunn generators enables very compact pulse transponders 
to be made. 

Transponders usually require wide beam angles, so simple separate 
transmitter and receiver aerials may be used with advantage. 

The receiver may have either a superheterodyne or video detector followed 
by a suitable amplifier the output of which triggers the avalanche transistor 
pulse generator. This drives the transmitter diode which feeds the second 
aerial. 

A marine transponder generating a 5 W, 20 nsec wide transmitter pulse, 
for example, has a superheterodyne receiver and gives a range of over 3 km 


Fic. 10.28. A small portable radar torch (SPRAT) developed at the Royal Radar Establish- 
ment.?* (Crown Copyright, published by permission of the Controller of Her Majesty’s 
Stationery Office). 
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in association with a short pulse radar of similar power. The pulse separa- 
tion timing circuits do, of course, need to be of adequate accuracy for such 
good resolution over a long range. Precision ranging with an accuracy of 
approximately 15cm has in this way been extended to several kilometres. At 
greater ranges propagation is likely to introduce errors worse than this in 
many locations, but except in very special situations such accuracy at longer 
ranges is unlikely to be needed. 


Fic. 10.29. SPRAT in use. (Crown Copyright, published by permission of the Controller of Her 
Majesty’s Stationery Office). 
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10.19 BEACONS 


An application to which solid state generators are well suited is that of a 
beacon for navigation, especially in marine use. 

A particularly attractive example has been developed for placing on 
buoys.?*) This employs a multi-dipole aerial to restrict the beam in the 
vertical plane and give wide coverage in the horizontal. The whole assembly 
is made in microstrip using a microstrip Gunn oscillator cavity and a ferrite 
microstrip circulator, which results in a most compact microwave circuit. 
The receiver is a video detector employing integrated circuits mounted on 
the reverse side of the microstrip board. This type of navigational aid is 
required to generated 100mW pulses 18 pisec in duration, an exacting re- 
quirement for early Gunn diodes as the temperature rises nearly to the 
C.W. The frequency has to lie within a marine radar receiver bandwidth 
(~5 MHz) for the duration of an aerial rotation while being swept slowly 
through the entire allocated band (9:3 to 9-5 GHz) in about | minute. 
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Fic. 10.30. A block diagram of SPRAT. (Crown Copyright, published by permission of the 
Controller of Her Majesty’s Stationery Office). 
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10.20 SPRAT 


A Small Portable Radar Torch (SPRAT) was developed at the Royal Radar 
Establishment as an experimental hand held ground surveillance radar. It is 
included here as an example of the way in which Gunn oscillators and 
careful system designs have made it possible to make a remarkably small yet 
high performance battery operated radar.‘?* 

Figure 10.28 is a general view of the equipment and it is shown in use in 
Fig. 10.29. 

The equipment uses a Gunn diode transmitter generating about 3 W peak, 
30mW mean power in quarter microsecond pulses at a 40 kHz repetition 
rate. The receiver is a 60 MHz I.F. superheterodyne using a Gunn local 
oscillator and the whole system consumes less than 5 W from its battery. 

Moving targets are detected by mixing the doppler shifted signals with 
echoes from fixed (clutter) targets at the same range and feeding the audible 
doppler signal so obtained to head-phones. The P.R.F. is sufficiently high 
to be above the limit of hearing and so does not interfere. Range is deter- 
mined by means of a manually switched 50m range gate which can be 


Fic. 10.31. The microwave and signal processing circuits of SPRAT. (Crown Copyright, 
published by permission of the Controller of Her Majesty’s Stationery Office). 
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placed as desired in the range 25 to 625 m. Figure 10.30 shows a block dia- 
gram of the equipment and Fig. 10.31 shows that the use of integrated 
circuits and solid state microwave sources has yielded a most compact 
system. 

The beamwidth is 10° and it is possible to locate a target with a 
directional accuracy of +2°. 

Although both the local oscillator and transmitter diodes are operated in 
coaxial cavities, their f.m. noise is not a serious limitation. The f.m. noise 
suppression introduced by a 50 metre range gate is very substantial and there 
is only a small contribution to the system noise. 


REFERENCES 


. Knight. (1967). Proc. L.E.E.E. 55, 112-3. 
. Carlson, R. O. et al. (1965). J. Appl. Phys. 36, 505-7. 
. Swan, C. B. et al. J.E.E.E. Trans. ED-14, 584-9. 
Warmer, F. L. and Herman, P. (1966). Electron. Lett. 2, 467-8. 
. Warner, F. L. and Herman, P. (1967). ‘“‘Proc. Cornell Conf. High Frequency 
Generation and Amplification’, pp. 206-217, RRE Memo 2394. 
6. Pearson, A. Private communication. 
7. Lee, B. K. and Hodgart, M. S. (1968). Electron. Lett. 4, 240-2. 
8. Omori, M. (1969). Proc. I.E.E.E. 57, 97. 
9 
10 


APWn- 


. Court, W. P. N. et al. (1967). Electron. Lett. 12, 567-9. 
. Warner, F. L. Private communication. 

11. Bulman, P. J. Private communication. 

12. Baughan, K. M. and Myers, F. A. Electron. Lett. 5, 371-2. (1969) 

13. Stover, H. L. (1966). Proc. I.E.E.E. 54, 310-311. 

14. Holliday, H. R. (1970). LE.E.E. Trans. ED-17, 527-533. 

15. Judd, S. V. and Hewitt, S. J. (1967). Electron. Lett. 3, 107-8. 

16. Heeks, J. S. Private communication. 

17. Heeks, J. S. Private communication. 

18. Stertzer, F. (1968). Microwaves 7, 45-53. 

19. Bass, J. C. Private communication. 

20. Draysey, D. W. Private communication. 

21. Edwards, J. A. and Withers, M. J. Private communication. 

22. Marks, R. C. Private communication. 

23. Dennison, E. and Spilling, J. S. (1969). Lab. note 69-9, Admiralty Surface 
Weapons Establishment, Portsmouth. 

24. Skinner, J. M. ef al. (1972/73). To be published in Radio. 

25. Irvine, T. F. and Hartnett, J. P. (1964). Advances in Heat Transfer 1, 258. 
Academic Press, New York. 

26. Jackets, A. E., Levy, M., Rathbone, R. and Fairhurst, J. G. (1964-5). Annual 
Reports on CVD contract RP6-13 at A.S.M. Ltd., Wembley, England. 


Chapter 17 


Material Growth and Device Fabrication 


11.1 INTRODUCTION 


The previous Chapters have assumed the existance of a GaAs device with 
two terminals and characterised by a high value of low field mobility, and a 
peak/valley ratio of about 2:3 at room temperature. Operation of this device 
at a particular frequency and in a particular mode required it in addition to 
have particular values of carrier concentration and thickness. Given these 
values then (as an oscillator) the device would exhibit an efficiency around 
30% when placed in a suitable circuit. 

Someone has to grow the basic material and make this device, however, 
and somewhere along the line he goes wrong (if we are to judge by all but a 
few exceptional device results). Not only are high efficiencies rarely obtained 
in practice, but it may not always be possible to produce a device having the 
required carrier concentration and thickness. 

This Chapter provides some insight into the difficult areas of material 
growth and device fabrication. In the first part we outline various methods 
available for the growth of the starting material, indicating what material 
parameters are typically available from the different methods, and how these 
parameters are in fact measured. In the second part of the chapter the tech- 
niques for making contact to the material and the processes involved in the 
mass production of devices are described. 


11.2 GROWTH OF BULK GALLIUM ARSENIDE 


Bulk GaAs is grown by freezing the molten material at 1242°C into a single 
crystal structure, free from chemical contaminants and structural defects. 
Difficulties associated with the material preparation arise largely from its 
high melting point and the fact that one of its constituents (arsenic) is 
volatile—the dissociation pressure of As at the melting point of the compound 
is 1-0atm.“? Growth from a stoichiometric melt without As loss can thus 
only be achieved if this external vapour pressure is provided. In practice this 
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is usually done by holding the system, apart from the melt, at a temperature 
of 610°C—the temperature at which the vapour pressure of arsenic is the 
1 atm required. Two methods of growth are in common use, the Horizontal 
Bridgman and the Czochralski methods. Two versions of the latter method 
exist. The more recent one involves a technique known as liquid encapsula- 
tion and this will be described in a separate section. 


11.2.1 THE HORIZONTAL BRIDGMAN METHOD 


For this method gallium and arsenic are placed in a boat and inserted into a 
long silica tube which is evacuated and then sealed. The sealed tube is mount- 
ed in a furnace with three temperature zones, as shown in Fig. 11.1. The cool 
zone controls the pressure of As in the tube, maintaining it at one atmosphere. 
Synthesis of the compound takes place in the hottest zone where the boat 
is held for at least one hour. After this time the mullite tube is moved to the 
right at a speed of 2 cm/hr and the liquid GaAs solidifies as it passes into the 
intermediate temperature zone. 
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Fic. 11.1. The horizontal Bridgman method (Ref. 3 of Chapter 2). 


11.2.2 THE CZOCHRALSKI METHOD 


The Czochralski growth system is illustrated in Fig. 11.2a. A seed crystal is 
inserted in the melt and then slowly withdrawn so that the melt forms a 
meniscus and solidifies as it is raised above the molten surface, repeating the 
same single crystal structure as the seed. A sealed system has to be employed 
in order to contain the arsenic vapour, so that magnetic coupling is required 
to raise the crystal from the melt. An alternative arrangement uses high 
temperature seals and feed-throughs to pull the crystal. Ther.f. coil maintains 
the GaAs in a molten state at a temperature of 1242°C while the remainder 
of the system is at 610°C to provide the correct As pressure and prevent 
loss of As from the melt. 
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11.2.3 LIQUID ENCAPSULATION 


This technique‘? is an important extension of the above method. It avoids 
the presence of As in the growth system and thus also obviates the need to 
maintain the whole system at an elevated temperature. It achieves this object 
using an inert liquid on top of the melt which completely covers it and prevents 
the loss of the voltile arsenic. The system, shown in Fig. 11.2b contains 
an inert gas (argon, for example) which maintains a pressure on the surface 
of the liquid encapsulant in excess of the equilibrium vapour pressure of 
the arsenic. The features required of the liquid encapsulant are that it should 
be less dense than the melt, optically transparent (melt visible), and chemically 
stable in its environment. Furthermore, there should be no diffusion or con- 
vection of the arsenic through the layer. A widely used encapsulant which 
satisfies all these requirements is Boric Oxide. 
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Fic. 11.2. Two versions of the Czochralski crystal growth methad, (a) Sealed system with 
magnetic crystal pulling; (b) Pulling through boric oxide liquid encapsulant. From 
Electronics, Nov. 13, p. 111, 1967. 


11.2.4 PURITY OF BULK MATERIAL 


The purest material made by these methods contains small quantities of 
Silicon and Oxygen and has a total impurity content near 101° cm~ 3. Neither 
of these impurities is present in such amounts in the starting elements and 


316 MATERIAL GROWTH AND DEVICE FABRICATION 


it is probable that a reaction between the molten GaAs and the silica in the 
system causes the contamination. The very high temperatures involved in the 
growth of bulk material assist such melt contamination by diffusion of im- 
purities from the boat containing the melt etc. 

In the growth of bulk GaAs, regions of very high resistivity sometimes 
occur which are believed to be due to oxygen doping. In these regions 
resistivities are 10°Q0cm and higher with corresponding carrier concentra- 
tions below 108 cm~ 3. Such material is called semi-insulating (S.I.) GaAs and 
its high resistivity is due to a near compensation of the appreciable number 
of donor and acceptor impurities which it contains.°°) This material has a 
number of uses. For example it is used as a passive substrate to support a 
semiconducting epitaxial layer in which a range of planar devices can be 
fabricated. It has the advantage of being able to provide isolation between 
such devices. S.I. GaAs is also commonly employed in the measurement of 
the electrical parameters of semiconducting layers. Growth of the latter on 
to an insulating substrate makes the electrical measurements very simple. 
At the present time the semi-insulating form can be grown by the addition 
of sufficient quantities of Chromium of the melt. However, the real break- 
through will occur when it can be deposited epitaxially in a controllable 
fashion. 

Bulk material is not usually used for the active region of a transferred elec- 
tron device, since it is unable to satisfy the stringent requirements of high 
purity, homogeneity and positive temperature coefficient of resistivity. The 
latter is required to avoid thermal runaway of devices in operation. These 
requirements can only be met by epitaxial growth techniques, and bulk material 
is usually relegated to the role of substrate material for the active epitaxial 
layer. The epitaxial growth can occur either from the vapour phase of from 
the liquid phase, and the two approaches are outlined here in turn. 


11.3 VAPOUR EPITAXIAL GROWTH 


To achieve epitaxial growth from the vapour phase it is necessary to introduce 
the components of the compound into the vapour phase in a form that 
allows them to combine and form a single crystal at the substrate surface. 
As very high purity material is required the components are chosen on the 
basis of the purity with which they are available. Two systems are common, 
known as the arsenic trichloride (AsCl3) system and the arsine system. 


11.3.1 THE ARSENIC TRICHLORIDE (AsCI,) SYSTEM“ 


An outline of the basic growth apparatus is shown in Fig. 11.3. The furnace 
comprises two separate zones which can be held at separate temperatures. 
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The growth process occurs in two stages, saturation of the source and growth 
of the layer itself. For the first stage the source material, usually high purity 
gallium, is placed in zone 1 of the furnace. The temperature of this zone is 
raised to a level of around 880°C and high purity hydrogen from a palladium 
diffuser is bubbled in through a quantity of arsenic trichloride. The hydrogen 
transports the AsCl, into zone | where it is reduced at the high temperature 
to produce hydrogen chloride vapour and arsenic vapour. 


4 AsCl, + 6H, = As, +12HCl. 


The arsenic vapour is completely absorbed by the liquid gallium source 
until saturation occurs at 2:25 atomic percent of arsenic. When the melt 
becomes saturated with arsenic a skin of GaAs forms on its surface and the 
arsenic vapour passes on down the furnace tube, together with gallium 
monochloride vapour produced by a reaction between the HCl and the gallium. 
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Fic. 11.3. A typical apparatus for growth from the vapour phase by the arsenic trichloride 
process. (By courtesy of Plessey Co. Ltd.) 


At this point the flow of hydrogen is diverted to by-pass the AsCl, bubbler 
and a GaAs substrate is introduced into zone 2 of the furnace and allowed 
to reach a steady temperature of about 750°C. The AsCl, is then re-intro- 
duced into the gas stream and the GaCl and As, vapours combine in zone 2, 
and epitaxial growth occurs on to the GaAs substrate. 


As, + 3 GaCl = 2 GaAs + GaCl,. 


During the above operations Ga and As compounds deposit beyond the 
furnace and a “‘dump tube”’ is commonly employed as shown in Fig. 11.3 to 
collect most of this deposit so that the main furnace tube can be used for 
many runs without significant build up of impurities in the system. 

When layers are not required to have very high purity a single crystal 
GaAs source is often used in place of the high purity gallium. 
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The quality of the layers grown will depend to a large extent on the sub- 
strate surface on to which growth occurs—this should be free of chemical 
contaminants such as oxide layers and of damage caused by mechanical 
polishing or solution etching. These requirements can be readily met by a 
preliminary vapour etch stage for the substrate, If the substrate after inser- 
tion is held initially at a high temperature, around 900°C typically, the growth 
process is reversed and the substrate surface is etched in the vapour stream. 


11.3.2 THE ARSINE (AsH;) sySTEM‘*® 


Another vapour phase method has been very successful in producing high 
quality material for microwave devices is the Arsine process. This system is 
illustrated in Fig. 11.4. Hydrogen chloride and palladium diffused hydrogen 
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Fic. 11.4. Apparatus for growth from the vapour phase by the Arsine (AsH3) process.‘ 


pass over a boat containing high purity gallium at about 775°C. The hydrogen 
chloride reacts with the gallium to produce gallium monochloride and the 
hydrogen transports this to the deposition zone at the other end of the tube. 
The temperature in the deposition zone is in the region 725—750°C. Arsine 
enters the same tube and dissociates in the high temperature central zone 
into H, and Aszy, the latter reacting in the deposition zone with the GaCl to 
form the epitaxial layer. Thus 


6 GaCl + As, = 4 GaAs + 2 GaCl,. 


11.3.3 THE WATER VAPOUR TRANSPORT SYSTEM 


This is the simplest system and produces the least pure epitaxial material, 
with carrier concentrations typically well above 101° cm~3. Water vapour 
reacts with a bulk GaAs source crystal at about 1050°C to form hydrogen, 
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arsenic vapour and the volatile sub-oxide of gallium. This reaction is reversed 
at a lower temperature (==1000°C) in another part of the reactor where a 
GaAs film is deposited. 


11.3.4 TYPICAL PARAMETERS OF VAPOUR EPITAXIAL MATERIAL‘”? 


The purity of the material produced by the last method is low mainly be- 
cause of the high temperature involved leading to impurities being carried 
over from the source and out of the growth tube into the film. However, by 
purging impurities from the growth tube and from the boats in which source 
and substrate are mounted, the first two methods are capable of producing 
material with background doping levels in the region of 10!+-10!° cm~3, 
with mobilities at room temperature of 9000 cm2/V sec and liquid nitrogen 
mobilities exceeding 100,000 cm2/V sec. In general, material grown by the 
vapour phase method can not be obtained so pure as by the liquid process, 
although carrier concentrations approaching 10'3 cm~? have been reported 
with liquid nitrogen mobilities in excess of 200,000 cm?/V sec.® 
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Fic. 11.5. (a) Doping profiles for thin vapour grown layers.‘3>); (b) Doping profiles for 

thick vapour layers (by courtesy of S.T.L.). Profiles as measured by Schottky barrier 

capacitance method described in Section 11.5.2 with successive etching stages for the thick 
layers. 
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It will be noted that this is essentially a steady state growth process so 
that the production of uniform layers is favoured. The rate of growth will 
depend on substrate orientation and 5-15 1m/hr is common for the usual 
100 orientation. Layer uniformity will thus depend upon the control of 
conditions during the whole growth process. Very thin layers (1 jum) will 
suffer from the initial growth transient and very thick layers from an inability 
to maintain accurate control of temperatures. Nevertheless very uniform 
layers have been produced with thickness down to 1-5 {1m and up to 100 1m 
as shown in Fig. 11.5. 


11.3.5 DOPING OF THE EPITAXIAL LAYER 


When doping of the epitaxial layer is called for, as is often the case, this is 
readily achieved in the trichloride and arsine systems by using hydrogen as 
a carrier to introduce a compound of the required dopant to the deposition 
zone during the growth period. 

Sulphur and selenium are two common dopants which are introduced in 
this manner, the compounds used being hydrogen sulphide and hydrogen 
selenide. Doping levels can be controlled by adjustment of flow rates. 

Dopants can be more readily introduced by placing them in the boat 
containing the gallium source. Thus tin doping for example can easily be 
achieved by merely adding an appropriate amount of tin to the gallium. 
Selenium is often introduced in this manner by adding a suitable quantity 
of selenium-doped GaAs to the melt. 


11.3.6 BUFFER AND CONTACT LAYERS 


One of the problems which can attend the growth of the high purity epitaxial 
layer is the diffusion of impurities from the substrate during growth. This 
problem can however be overcome by the growth from the vapour of a 
heavily doped, high purity “‘buffer’’ layer on to the substrate prior to the 
growth of the active region. The buffer layer effectively isolates the active 
layer from the impure substrate. 

It is also often desirable to grow a heavily doped GaAs layer after growth 
of the active region. This is a technique which will receive attention in 
Section 11.6 but the reason for doing it is because it offers the best method 
of obtaining an ohmic, low resistance contact to the active region. This is 
to be expected since the contact itself is also GaAs. 

The growth of the buffer and contact layers is best carried out by provid- 
ing a separate line to the deposition zone to enable doping levels up to 101° 
cm~? or more to be attained. This is indicated in Fig. 11.3 where a separate 
line is provided to carry the H,S to dope the buffer and contact layers 
heavily with sulpur. This line would thus be in action prior to and after 
the active growth run. 
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11.3.7 SUBSTRATES 


The substrate can readily be purchased heavily doped with, for example, 
Sn, Si, Se, Te. Substrates are normally cut 2° off the 100 orientation in order 
to discourage the formation of facets during growth. They are required to 
be fairly dislocation free since substrate faults tend to appear in the epitaxial 
layers grown on to them. 

When Te doped substrates are employed, autodoping of the epitaxial 
layer occurs. This is because of the high vapour pressure of Te so that it 
comes out of the substrate and is included in the layer via the gas phase. This 
persists until a sufficient thickness of layer is grown to prevent it. It can be 
a desirable feature since high resistivity regions are often seen at the substrate/ 
grown layer interface which are possibly due to the initial growth transient. 
These regions can be “‘filled in” if Te doped substrates are used. 


11.4 Liquip PHASE EPITAXy 


In this method, growth occurs on to the surface of a GaAs substrate due to 
recrystallisation of a GaAs solute at the liquid—solid interface. This method 
was first described by Nelson‘) as means of growing heavily doped material 
for tunnel diode and laser applications. However the process has been 
refined and controlled to the point where it can be used to produce material 
of high purity and uniformity such as is essential for the production of 
microwave oscillators. 
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Fic. 11.6. The GaAs binary phase diagram. From K. Weiser in Compound Semiconductors, 
Vol. 1 (Ed. Willardson and Goering), Reinhold 1962. 


The basic growth technique most commonly used is the transient method. 
Here the temperature of the liquid—solid—vapour system is uniform through- 
out the system and must continuously decrease in order for recrystallisation 
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of the solute to occur. The recrystallisation is a result of the decreasing 
capacity of the initially saturated solution to contain solute and remain in a 
near equilibrium condition as the temperature decreases. In a second method, 
to be discussed in Section 11.3.3, the system is in the steady state with a 
fixed temperature difference maintained between solution and substrate so 
that solute will crystallise out on to the cooler substrate. 

The manner in which growth proceeds in the more common transient 
method can be seen by examination of the GaAs phase diagram shown in 
Fig. 11.6. Consider growth from a solution of composition approximately 
90 atomic percent Ga, 10 atomic percent As. As the temperature decreases 
from the point 0, the state of the system falls vertically to intercept the 
liquidus curve at a. At this point the first solid will form, its composition 
being always 50% Ga, 50% As. The composition of the liquid will therefore 
change, becoming depleted of As. As the temperature continues to fall, 
the state of the system will move along the liquidus curve through point c, 
with the percentage of As in solution being given at any point by the hori- 
zontal scale. Due to the depletion of As from the melt and the changing slope 
of the liquidus curve, progressively less GaAs is precipitated from solution as 
the temperature falls. Finally growth will cease at point e when the entire 
system will be in the solid phase. 

Two systems are commonly used in practice for liquid epitaxial growth. 
They are known as the horizontal and the vertical systems. 


11.4.1 HORIZONTAL SYSTEM 


A typical horizontal system is shown in Fig. 11.7. The GaAs substrate S and 
melt M are placed in a quartz boat and positioned as shown in the furnace 
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Fic. 11.7. Horizontal system for liquid epitaxial growth. S.T.L. Annual Report on RP7-43. 
1967. 
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tube. In general the melt consists of a solvent, generally Ga, together with a 
piece of GaAs such that at the maximum temperature reached (point 0) 
the solution will be saturated. Alternatively Ga is sometimes used after 
saturation with As in a preliminary vapour phase reaction.“® The reactor 
is then sealed and thoroughly flushed with Hydrogen to clear unwanted 
impurities from the system. 

The procedure which follows can best be illustrated by the temperature 
cycle shown in Fig. 11.8. The furnace temperature is raised steadily to near 
the point at which the Ga melt is saturated with GaAs. The exact tempera- 
ture can be determined by directly observing when all the GaAs in the melt 
has been dissolved. To permit the accurate determination of the saturation 
point, the furnace temperature is increased slowly over this range and then 
rapidly up to a slightly higher temperature at which a period of stabilisation 
is allowed before beginning the cooling cycle. When the saturation tempera- 
ture T, is reached the furnace is tilted, the melt runs on to the surface of the 
substrate and growth begins. Normally it is not desirable that growth takes 
place right down to room temperature so that after an appropriate growth 
period the furnace is tilted back again, the melt runs off the substrate and 
growth ceases. 
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Fic. 11.8. Temperature N time cycle for layer deposition (Horizontal system) S.T.L. Annual 
Report on RP7-43, 1969. 


Accurate determination of the saturation temperature J, is important 
since if the solution is brought into contact with the substrate at a tempera- 
ture above T,, it is not completely saturated and will dissolve material from 
the substrate until the solution is again saturated. This removal of substrate 
material is known as etch-back and is in general undesirable since impurities 
from the substrate are subsequently incorporated into the growth layer. 
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11.4.2 VERTICAL SYSTEM 


Figure 11.9 shows a typical apparatus for the growth of GaAs by the vertical 
method. The temperature-time cycle used is similar to that shown in 
Fig. 11.10. Thus the temperature of the Ga melt is raised until it is saturated 
with the source GaAs, the temperature again being determined accurately by 
visual observations. The temperature is then increased again and held con- 
stant for a stabilising period prior to the cooling cycle. Before the saturation 
temperature T, is reached the substrate is lowered into a position just above 
the melt so that it acquires the same temperature as the melt. Then at T, it is 
lowered into the melt and growth commences. After the desired growth 
interval the slice is lifted out of the melt and the furnace switched off. 
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Fic. 11.9. Vertical system for liquid epitaxial growth. (By permission of Mullard Research 
Labs.) 


In essence the vertical and horizontal methods are identical but an impor- 
tant advantage of the former is the ease of separating the slice from the melt 
at the end of the growth period. In the horizontal system this is a difficult 
operation since the melt tends to adhere to the slice. 
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Layer Considerations 


In both systems the thickness of the epitaxial layer grown will depend upon 
the temperature range over which growth takes place, the weight and com- 
position of the melt etc. Typical layer thicknesses vary between 10 microns 
and 100 microns. 

The purity of the layer will be greater than that of the source GaAs pro- 
vided that the impurity contribution from the growth environment is small. 
This is because of the segregation from the solid phase to the liquid phase 
of all the important impurities in GaAs, i.e. the distribution coefficient, 
defined as the ratio of the impurity concentration in the solid to that in the 
liquid, is less than unity for all the important impurities.“ 
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Fic. 11.10. Temperature time cycle for layer deposition (Vertical system). (By permission of 
Mullard Research Laboratories.) 


The distribution coefficient will be temperature dependent so that as the 
furnace cools and the layer is deposited, the impurity concentration in each 
stratum of the grown layer will change. Thus the layer will be grown with a 
doping gradient. Even if the distribution coefficient were constant over the 
temperature range for growth, a doping gradient would still arise because of 
the increasing build up of the impurity concentration in the liquid because 
of the exclusion from the solid. In general both these effects will be operating 
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and the impurity profile in the grown layer will be the result of their combined 
effect. In some cases they may cancel each other out and a uniform profile 
will be obtained. 

The above considerations are sufficient to indicate that quantities such as 
the growth temperature, range and cooling rate etc. have to be selected 
optimum for a given system in order to obtain layers of the required thickness 
and a good doping uniformity. 

In a high purity system, it will generally be necessary to introduce into the 
melt controlled amounts of impurity in order to grow layers of sufficiently 
high electron concentration, typically 10'*-10'°cm~3, as required for 
transferred electron devices. The dopants commonly chosen are elemental 
Sn, and Se or Te in the form of Se doped or Te doped GaAs. 


11.4.3 STEADY STATE GROWTH 

In the transient method of growth it was pointed out that the dependence 
of the distribution coefficient on temperature lead to a doping profile which 
was non-uniform. This source of non uniformity can be eliminated if growth 
can take place at a fixed average temperature. This, the steady state method 
of growth, requires that a small temperature difference be maintained be- 
tween the melt and the substrate in order that the solute shall crystallise 
out. Such a system can be realised in a similar way to that shown in Fig. 11.7 
by employing a split furnace so that the top part of the furnace can be 
maintained at a higher temperature than the bottom. In this way a con- 
trollable temperature gradient can be achieved across the melt and substrate 
and deposition will occur at a rate determined by this gradient. 


11.4.4 TYPICAL PARAMETERS OF LIQUID EPITAXIAL MATERIAL 

Liquid phase epitaxy has been used to grow very pure material with carrier 
concentration levels down to 1017-103 cm~3'??, liquid nitrogen mobilities 
of 330,000 cm?/V sec,” and room temperature mobilities of over 9,000 cm?/ 
V sec.‘!5) The attainment of such low background impurity levels makes it 
easy to dope back controllably to any desired carrier concentration. 
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Fic. 11.11. Doping profile of a uniform thick GaAs layer grown by liquid epitaxial tech- 

niques (by courtesy of S.T.L.). Profile as measured by Schottky barrier capacitance 

technique (Section 11.5.2), with several stages of etching to enable a complete profile to be 
obtained. 
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Very uniform doping profiles can also be obtained as shown in Fig. 11.11 
for a 100m thick layer doped to a level of 2 x 10!*cm™~?. (The doping 
profile was measured by the Schottky Barrier Capacitance Method and a 
number of separate successive measurements had to be made to penetrate the 
layer, hence the discontinuous nature of the profile shown). The liquid process 
has also been used to grow layers several times thicker than this, as well as 
very thin layers of 10 microns and less, again with uniform carrier concen- 
trations. 


11.4.5 BUFFER AND CONTACT LAYERS 


Just as for vapour grown layers, it is often desirable to grow an initial and 
a final heavily doped layer to provide isolation from substrate effects and 
good contacts to the active layer. This can be achieved in the same furnace 
if two melts are included, one heavily doped and one lightly doped. Thus 
the substrate is immersed initially in the heavily doped melt, transferred to 
the lightly doped for growth of the active zone, and then immersed again in 
the heavily doped melt for growth of the top contact. Such a system is simple 
but suffers from the obvious problem of cross contamination between the 
melts. 

An alternative method is to grow the three epitaxial layers in separate 
consecutive runs, using one furnace for the high resistivity layer and one for 
the low resistivity layers. The same dopants are commonly used for the active 
and contact layers. 


11.5 MATERIAL CHARACTERIZATION 


Material for transferred electron devices must satisfy well defined criteria in 
terms of thickness, doping level and profile, mobility etc. according to the 
intended mode of operation and frequency of interest. A number of tech- 
niques are available to monitor the basic parameters of the grown layers, 
and these are briefly outlined here. 


11.5.1 THICKNESS 


The simplest method of thickness measurement relies on the large difference 
between the carrier concentration in the grown layer and that in the substrate. 
The layer is cleaved perpendicular to the surface and a simple chemical etch 
or stain used to locate the interface. For example, an etch composed of HF, 
HNO; and H,0O in the proportion 1: 3:4 stains the more lightly doped n 
layer a darker colour than the n* substrate. Layer thickness can then be 
measured using a calibrated microscope. Other etches operate at a rate which 
is dependent upon layer conductivity and these therefore reveal the inter- 
face as a step in the etched surface. 
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For accurate measurements on thin layers it is common practice to angle 
lap the wafer. That is, an edge of the wafer is polished at a small angle relative 
to the surface. In this way a cross section of the wafer is exposed over a 
much larger area than would be exposed by polishing or cleaving perpendi- 
cular to the surface. 

Another approach to thickness measurement is to shine infra red obliquely 
on to the epitaxial surface.“*) Some radiation is reflected at the surface, 
some penetrates the layer and is reflected at the n—-n* interface. An inter- 
ference pattern is formed between the two reflected rays. By slowly varying 
the wavelength of irradiation (with a spectrometer) and measuring how the 
interference pattern changes with wavelength, the thickness of the epitaxial 
layer can be deduced for a known angle of incidence. 

There is a slight inaccuracy in the thickness measured by both the afore- 
mentioned techniques, which may be important if they are used to measure 
thin layers. This is because the metallurgical and electrical junctions between 
layer and substrate may not be coincident. There may be a significant region 
extending out from the metallurgical interface, over which the doping changes 
its value from that in the substrate to that in the layer. Thus for the I.R. 
technique there is no defined plane at which a change in reflection occurs. 
Similarly an etch which reveals the metallurgical interface will give the wrong 
thickness data. Where accurate thickness measurements are required on 
thin epitaxial layers (< 10m, say), a completely different technique must be 
employed. 


11.5.2 DOPING PROFILE 


Two methods are available for the measurement of impurity profiles of 
semiconducting materials. Both rely on the properties of a Schotty barrier 
junction») formed by depositing a metal contact on to the surface of the 
material. By varying the bias voltage applied to such a junction the region 
of material depleted of carriers can be altered and thereby the carrier concen- 
tration determined as a function of distance from the semiconductor surface. 

Figure 11.12 shows the field distribution in the semiconductor for some 
arbitrary applied bias voltage. A depletion zone extends into the material 
a distance x. Consider now the application of an incremental change in bias 
voltage AV. From Fig. 11.12 we have 


AE 
AV = AE.x +—. Ax (11.1) 


where AE is the field increment and Ax the incremental depletion distance. 
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Considering a diode of unit area, we have for the increment in charge at 
the metal contact 


AQ = &&) AE. (11.2) 
Similarly for the incremental charge stored in the semiconductor 
AQ = en(x)Ax (11.3) 


where n(x) is the doping density at the edge of the depletion zone. Combining 
(11.1)-(11.3) gives 


x 1 
AV =—.A ————.. 
i Eo oa 2e€pen(x) 


AQ?. (11.4) 


This equation forms the basis for one of the two methods used to measure 
n(x). 


Ignoring the second order term in Eqn (11.4) we have 


AV =—-AG, (11.5) 


Eq 


Now the small signal capacitance of the depletion layer is defined as 
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From (11.3) and (11.6) 
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Fic. 11.12. The electric field versus depth below the surface of a semi-conductor with surface 
charge Q per unit area?” 
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therefore 
dx = =. : (11.8) 
dV en(x) 
Thus, from (11.6)—(11.8) 
dc 87857 
dV —ex?n(x) * 
So that gip.2 
n(x) = 2 (11.9) 


ex?(—dC/dV) © 


This equation forms the basis for the second method. 


Sinusoidal Current Method “® 1? 


In this method a current J sin wt is pumped into the Schottky barrier. The 
corresponding charge being injected into the junction is 


Yo ewe (11.10) 
© 


Equation (11.4) thus becomes 


_ I cos ot I*(cos2@t+1) | (ay) 


AV ‘ : ‘ 
WEE 4a*eee n(x) 


We recognise here two components in the alternating voltage appearing 
across the junction. Firstly a component at the same frequency as the driving 
current, this having an amplitude proportional to the width of the depletion 
zone, x, and secondly a component at twice the driving frequency which 
has an amplitude inversely proportional to the carrier concentration 
at the edge of the depletion zone. Thus by measuring the amplitudes of the 
fundamental and second harmonic voltages we have the carrier concentra- 
tion 7 and the distance, x, from the surface at which it applies. Variation of 
bias then leads to a continuous plot of n(x). 


Capacitance Method“® 19: 20) 


For this approach the requirement is simply to measure the small signal 
capacitance C at different bias voltages. x is then deduced directly from the 
measured capacitance, according to Eqn (11.6), and n(x) determined from 
the rate of change of capacitance with voltage, according to Eqn (11.9). 
The measurements can be performed using a bridge to obtain values of 
depletion capacitance at discrete levels of bias, and the rate of change of 
capacitance can be interpolated to yield n(x) which is proportional to 
C3(—dC/dV)~!. The accuracy of the measurement is limited by the need for 
interpolation to obtain dC/dV. Analogue techniques overcome this disad- 
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vantage and an instrument is available?@® which offers high incremental 
accuracy. 

The range of x over which the carrier concentration can be measured is set 
on the one hand by the depletion which already exists at zero bias, and on 
the other by the avalanche breakdown of the junction which eventually 
occurs as the bias voltage is increased. The width of the zero depletion region 
increases with resistivity, and at carrier concentrations of 10!4 cm~3(10Q2 cm) 
it amounts to a few microns or more. The dependences of the avalanche 
breakdown voltage of the junction, the maximum penetration, and the depth 
resolution, on the carrier concentration in the layer are approximately as 
indicated by the Table below.“'” At a given carrier level, the profiling of a 
layer thicker than the maximum depth indicated above, will require a sequence 
of profile, etch, profile, etc. stages to build up piecewise a plot of the profile 
through the whole layer (as Fig. 11.11 for example). 


Depth 

Doping Maximum resolution 
density depth Maximum (Debyelength) 
(cm7 3) (um) d.c. volts (jum) 

io'? 80 500 0:50 

fo! 12 100 0-15 

10°° 7} 20 0-05 

1017 0:3 4 0-015 


The measurement of doping profiles is of considerable value, giving not 
only accurate values for thickness and carrier concentration, but also the 
detailed variation of the doping level through the bulk of the material and 
at the interfaces with the substrate. The profile at the surface can also be 
measured by lapping off the substrate, depositing barriers on the reverse side, 
and profiling through to the surface. 

The metal evaporated to form a barrier has a diameter, typically, of a 
few hundred microns, so that the material parameters are being measured 
over a localised region. The deposition of an array of barriers over the surface, 
as is customary, allows the layer parameters to be mapped out, giving in- 
formation on the uniformity of the grown epitaxial layer. Such information 
is vital to the crystal grower in enabling him to establish the correct condi- 
tions for uniform growth, and also to the device manufacturer who can select 
layers which can be processed to give a high yield of closely similar devices. 


11.5.3 MOBILITY AND RESISTIVITY 


The method used to evaluate the mobility and resistivity of an epitaxia- 
layer depends upon the conductivity of the substrate. 
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Semi-Insulating (S.I.) Substrate 


When the epitaxial layer is grown on an S.I. substrate, Hall effect measure- 
ments can be used to determine the resistivity and mobility.2!:22) This 
can be best understood by referring to the test bar shown in the classical 
Hall geometry in Fig. 11.13a. When a known current J is flowing from a 


Fic. 11.13. Resistivity and Hall measurements on an epitaxial layer supported by a semi- 
insulating (S.I.) substrate. 


to d, the resistivity can be found by measuring the voltage V between 
ohmic contacts at b and c. If S is in cm, and A is the cross-sectional area of 
the bar in cm?, then we have 


A 
p = 72 Dem. (11.13) 


The Hall coefficient, Ry, is determined by applying a magnetic field H at 
right angles to the current and the top surface of the bar as shown in 
Fig. 11.13b. The adjustment is first made that Vz = Ofor H = 0. Then, when 
the magnetic field is applied, a voltage Vy will be observed which is caused 
by the Lorenz face exerted by the magnetic field on the moving charges and 
the consequent separation of charge. The Hall voltage is related to the 
Hall coefficient by ‘2 


| eae (11.14) 
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where ¢ is the epitaxial layer thickness and r = (t*>/<t>? where 7 is the 
carrier relaxation time. t has different values for different scattering mech- 
anisms, but all are close to unity. From this, the Hall mobility yy can be 
calculated. Assuming n > p, as is true in our cases of interest, then 


Hy =—. (11.15) 
amine 
This is not the same as the drift mobility, as the drift mobility is independent 
of the scattering dependence r. A value for the doping level in the epitaxial 
layer can also be deduced from the Hall measurement.?) 


1 
n “ip : (11.16) 
The values of p, #y and n thus determined are of course macroscopic 
values, averaged over the thickness of the epitaxial layer and over a large 
area of the slice. Furthermore the accuracy of the Hall mobility and carrier 
concentration measured depends upon a previous accurate measurement of 
layer thickness tf. 


Conductive (n*) Substrate 

The techniques described above can not be used with layers on n* substrates 
because current can now flow through the substrate, which effectively reduces 
or shorts out V and Vy. In this case by alloying in an ohmic contact of area 
A on the surface and making the substrate the other contact (Fig. 11.14) 


F Substrat 


Uy Yi s/f 


Fic. 11.14. Resistivity and geometric magnetoresistance measurements on an epitaxial layer 
supported by a conducting substrate. 


we measure the resistance of the piece of material, pt/A, from which resis- 
tivity is directly calculable. Inaccuracies may arise due to fringing current 
flow if the aspect ratio of the element of semiconductor is not sufficiently 
large. Corrections can be made for this however, as can also be made for 
any resistance due to the substrate, and for the penetration of the alloy contact 
into the layer (if the layer is thin enough to warrant such a correction). 
The mobility of the material can be determined by measuring the increase 
in the resistance of the element which occurs when a magnetic field is supplied 


334 MATERIAL GROWTH AND DEVICE FABRICATION 


at right angles to the direction of current flow between the contacts. The 
effect is known as geometric magnetoresistance (GMR). If the dimensions 
of the element are much larger than the thickness, then the Hall voltage set 
up by the magnetic field is effectively shorted out by the metal contact and 
substrate. The Lorentz force acting on the carriers is not now compensated by 
any Hall voltage and the carriers move at an angle with respect to the applied 
field. As shown in Fig. 11.14 the electric field is directed across the sample 
and the current flows at the Hall angle. The consequence of the change in 
current flow is a change in the resistance, AR. It is readily shown that?* 


a = (mB? (11.17) 


provided that y,,B < 1. B is the magnetic flux density and y,, is the magne- 
toresistance mobility, which is related to the Hall mobility by a constant of 
proportionality &( = y,,/44). The constant takes values which depend upon 
the exact scattering mechanism in the semiconductor but all are close to 
unity. 


11.6 CONTACTS 


Although the transferred electron effect is essentially a bulk effect, neverthe- 
less the boundary conditions imposed by the contacts can have a considerable 
effect on the operation of t-e devices. Ideally the requirements to be ful- 
filled by a “‘good” contact are: 


(1) It should be non-injecting, and have a low resistance. 


(2) The contact semiconductor interface should be planar to ensure 
uniformity of field and current density. 


(3) It should be electrically and thermally stable under the desired opera- 
ting conditions. 


A number of contacts have been developed which can satisfy the first two 
conditions and the third condition can also be met, subject to reasonable 
operating conditions being specified. Many of the contacts in use are metal 
or metal alloy contacts and it will be instructive before describing the par- 
ticular contacts to first briefly outline the nature of the general metal-semi- 
conductor contact. 


11.6.1 THE METAL SEMICONDUCTOR CONTACT‘2%) 


If any semiconductor is brought into intimate contact with any metal con- 
ductor (e.g. by evaporating the metal in a vacuum) in most cases a rectifying 
contact results. This is certainly the case with GaAs, particularly if the carrier 
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Fic. 11.15, Formation of a metal-semiconductor (Schottky) barrier.“ Metal and semi- 

conductor (a) neutral and isolated; (b) electrically connected; (c) in close proximity; 

(d) in perfect contact; (e) in contact, but in presence of an insulating filmand surface states; 

(f) a special type of non-rectifying metal semiconductor contact. © denotes electron in 

conduction band; + denotes positive donor ion. (Reproduced by permission of the Institute 
of Physics.) 
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concentration is low. The reason for this may be appreciated from the fol- 
lowing. Consider a metal and a semiconductor in isolation. For definiteness 
we take the semiconductor to be n-type. The energy band diagrams will be 
as shown in Fig. 11.15a, where &”, @,*° are the Fermi levels in the metal and 
semiconductor respectively. @,, is the work function of the metal and +, the 
electron affinity of the semiconductor. If we connect the two electrically, 
electrons will flow from the semiconductor to the metal, and a positive charge 
builds up on the surface of the semiconductor. A corresponding negative 
charge is built upon the surface of the metal. The electron flow stops when 
the two Fermi levels are in equilibrium, the energy level diagram then being 
as shown in Fig. 11.15b. 

The electric field which is set up between the positive charge on the metal 
and the negative charge on the semiconductor has a magnitude of A/é. To 
provide the positive charge at the semiconductor surface conduction electrons 
have receded from the surface, leaving a region of uncompensated donor 
ions with positive charges. Thus the energy bands are bent upwards to the 
surface as shown. 

As the gap is reduced, the potential drop A across it tends to zero if the 
field in the gap is to remain finite, as shown in Fig. 11.15c. Finally when 
intimate contact is made, the potential drop has disappeared altogether and 
we are left with the situation shown in Fig. 11.15d where the barrier remain- 
ing is simply due to the band-bending. 

Such an interface will have rectifying properties for the electrons in the 
conduction band have to overcome the barrier potential before they can 
penetrate into the metal. In the general case of a metal in contact with a 
semiconductor there will also be insulating layers (oxide films, for example) 
and surface states at the interface and these will prevent the ideal situation 
depicted in Fig. 11.15d from occurring. The energy diagram will then resemble 
that shown in Fig. 11.15e where the potential differences are dependent on 
the width of insulating film and on the density of surface states. 

Figure 11.15f shows a particular type of metal semiconductor boundary 
across which electrons can pass with ease in either direction. To realise such 
a junction the band-bending and surface levels must be reduced and any 
insulating layers removed, all of which can only be achieved with difficulty. 

Another and more common type of boundary which does not present any 
obstruction to the flow of electrons in either direction is obtained when the 
semiconductor and metal are intimately mixed over a narrow region at the 
boundary. A gradual transition is thereby achieved between the semicon- 
ductor and metal with a corresponding gradation in conductivity. 

The contacts and contact procedures to be outlined below succeed in 
avoiding junctions of the type in Fig. 11.15e and produce non-rectifying 
contacts, at least to GaAs whose carrier concentration is not too low. All of 
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the processes for contacting attempt to achieve this by a thermal procedure 
in which a molten metal etches the GaAs surfaces, breaks down the surface 
levels and removes any insulating layers. These processes only take place 
above a minimum temperature which is necessary for the etching of the 
GaAs surface. 

It will in general be easier to make low resistance contacts to high conduc- 
tivity material. This is because when the carrier concentration in the semi- 
conductor is very high the depth depleted to supply the positive charge is 
very small and the barrier in Fig. 11.15d very thin. In this case electrons can 
tunnel very easily through the barrier. Even if a high barrier is present at 
the interface, as in Fig. 11.15e, if this is thin enough it will not constitute an 
obstruction to the passage of electrons. 


11.6.2 THE METAL BEAD AND THE METAL LAYER CONTACTS 


It is appropriate first of all to distinguish two different types of contact. 
Contact can be made by placing a small bead of appropriate metal (e.g. Sn). 
or alloy (e.g. AuGe) on to the semiconductor surface, melting it, and alloying 
it to the GaAs at an elevated temperature in a stream of HCl gas. Contact 
can also be made by evaporating a thin layer of contact metal on to the GaAs 
surface in a vacuum, and subjecting it to a selected temperature-time cycle. 
In the latter case care must be taken if the evaporated metal is easily melted, 
for then during the alloy temperature cycle, the metal layer will break up 
into a multitude of single droplets unless steps are taken to prevent this. 
The step usually taken is to evaporate in addition a thin layer of nickel or 
silver, which covers the contact layer and prevents the formation of droplets. 
In the alloy process a definite temperature time cycle must be adhered to. Ifthe 
contacts are annealed for too long or at too high an alloying temperature, 
the metals are completely dissolved into the GaAs and dislocations may 
develop in its surface. Equally if the cycle is too short or if the temperature 
is too low, a proper alloyed contact will not be formed. 

The metal bead type of contact does not lend itself to a mass production 
approach to oscillator fabrication. It therefore tends to be used only when 
devices are fabricated individually or in small numbers, as for example in 
preliminary assessments of material quality for the production of devices. 
We will therefore not concern ourselves further with the bead type of contact. 

Three of the contacts most commonly used with GaAs devices are out- 
lined below. 


11.6.3 THE GOLD GERMANIUM (AuGe) CONTACT? 


It has been found that the eutectic alloy of Au and Ge (88% Au, 12% Ge 
by weight) can be used to form excellent ohmic contacts to GaAs. A small 
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amount of Ni(2-11% by weight) is also necessary to prevent droplet for- 
mation as noted earlier. 

A sphere of AuGe eutectic and a small amount of Ni are placed in a source 
boat mounted on a tungsten heater, at a distance of a few cms from the 
GaAs surface. The chamber is evacuated and the temperature of the source 
boat raised until all the constituents of the boat have been evaporated. The 
Ge evaporates first, followed by Au and then the Ni. 

With the metals evaporated on to the GaAs surface, the alloying cycle is 
commenced. When the semiconductor is heated the Au and Ge recombine 
at the eutectic temperature (356°C) and owing to the low solubility of Ni 
in AuGe at the alloying temperature (approx. 450°C), the Ni layer remains 
intact and covers the liquid AuGe on the surface, preventing droplet forma- 
tion and promoting a uniform planar contact. The contacts thus formed 
are hard, and stable up to a temperature of over 300°C. A particular advan- 
tage of this contact is the ease with which it can be soldered, which is due to 
the high gold content. 


11.6.4 SILVER TIN (Ag/Sn) contact?® 


Sn is the metal which leads most easily to non-rectifying contacts on GaAs, 
It effectively dopes the semiconductor surface heavily n-type. However 
experience with contacts containing a large amount of Sn indicates that when 
these contacts are subject to high currents and high electric field there is a 
tendency for the Sn to punch through or form conducting channels between 
anode and cathode of devices.{2*?” In the Ag/Sn contact only a small 
amount of Sn is used (7% by weight). 

The contact metals are evaporated on to the surface, approx. 500A Sn. 
followed by 5000A Ag, and the semiconductor heated. At 230°C the Sn 
melts but is prevented from forming droplets by the Ag layer. The contacts 
are alloyed by maintaining a temperature of 600°C for 1 minute. The alloy 
temperature is kept below the Ag—GaAs eutectic temperature (650°C) so 
that the Ag plays essentially a passive role as a blanket for the Sn in the 
contact formation. 

This approach produces devices with stable reliable characteristics. To date 
devices operating continuously with a contact temperature of about 150°C, 
have logged over 30,000 hours without sign of degradation. No melting of 
the contact is to be expected up to the alloy temperature. of 600°C. 


11.6.5 THE SILVER INDIUM GERMANIUM (AgInGe) contact?” 


In this contact, germanium (5% by weight) is used to dope the GaAs and a 
small amount of indium (5% by weight) is also included to reduce the liquid 
alloy surface tension and promote good wetting to the GaAs. Again Ag is 
the main constituent of the contact and the alloying (600°C for 1 minute) 
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takes place below the temperature at which the Ag forms a eutectic with 
GaAs. The contacts are stable up to temperatures near 600°C. 

The contacts described above are probably the most widely used. However 
other alloys such as AuInGe, SnNi, InAu, and InNi have also been sucess- 
fully employed. For high conductivity GaAs, ohmic contacts are much 
easier to achieve and the metals Ag and Au for example, are then able to 
make good contacts without any dopant additives. 

Of the three contacts described, the high temperature contacts (Ag/Sn and 
AgInGe) offer several advantages. Firstly they clearly enable devices to work 
at high temperatures. Secondly they offer flexibility in processing—thus a 
contact can be fabricated and then additional high temperature processing 
steps carried out without interfering with the contact formed (provided that 
the temperature does not exceed the contact alloying temperature). Examples 
of the latter are the fabrication of an additional, lower temperature contact 
(e.g. AuGeNi) and the deposition of SiO, layers on the epitaxial surface by 
the oxidative decomposition of TEOS (tetraethylorthosilicate) at 475°C. 


11.6.6 INTERFACE LAYER 


It is a common observation that devices with a metal contact can not be 
operated with that contact as the anode. This leads to a breakdown of the 
device above threshold which can be irreversible. Such behaviour has been 
attributed to avalanching when the high field domain enters a high resistivity 
layer just under the metal contact.‘?8) The computer simulation indicating 
this behaviour also indicated that such a high resistivity layer at the cathode 
results in a stationary high field region at the cathode which reduces oscillator 
efficiency. 

A region of high dislocation density has been shown to occur just under 
the metal contact,‘*”) and in view of the observed behaviour of the devices it 
is believed that this damaged zone has a higher resistivity than the rest of 
the layer. This view is encouraged by the fact that high resistivity layers are 
not uncommon under alloy contacts, having been observed in p-type GaAs®” 
as well as in Ge and Si.@1"3”) The increased resistance may be produced by 
compensation due to acceptor levels associated with the dislocation or by 
mobility degradation in the damaged zone.) 


11.6.7 CONTACT RESISTANCE 


A measure of the quality of the contact is the resistance which it introduces. 
This is usually expressed in terms of the specific contact resistance R, Qcm?. 
Thus for a device of area A the contact resistance is R,/A Q, and for metal 
contacts the values quoted in the Table below are typical. It is however very 
easy to get metal contacts with much higher resistances if the proper contact 
schedule is not adhered to.'3*) The ratio of contact resistance to active device 
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resistance is given by 


RUAS oR naib Ue 
pL/A pL aes E 


Material resistivity Measured R, 
p, Qcem Contact Qcem? 
0-6-2°6 AgInGe (ref. 27) 1o~* 

0:3 AgInGe (ref. 27) 6x 107+ 
<0-15 AgInGe (ref. 27) <x 107 % 
0-1-0-3 Ag/Sn (ref. 35) 3x1075 


since mobility has only a small dependence on n. Since, furthermore, efficient 
transferred electron oscillators require mL to be in the region 1-2 x 10!2 cm™?, 
it is evident that the above ratio is closely proportional to n?R,. The experi- 


mental dependence of R, on resistivity is very approximately such that 
R,«x po oa 


so that n?R, oc n and the ratio, contact resistance to active device resistance, 
varies roughly as n. This explains why for metal contacts, the effects of con- 
tact resistance become more pronounced on thin, heavily doped devices. 
For example, good metal contacts to a epitaxial layer with parameters 
0-:1Qcm, 2m will produce a value 3 x 107° Qcm? approx. for R,. For 
this device then the ratio of contact resistance to active resistance will be 
1-5:1! By way of comparison, contact to a thick, high resistivity layer 
10Qcm200pm may result in an R, of 3 x 10°3Qcm? and the contact 
resistance in this case will be only 1-5% of the active device resistance. 

The specific contact resistances quoted here probably represent in each 
case typical values for the resistivity obtained in the damaged interface layer 
referred to previously. When it is significant, the contact resistance produces 
a number of undesirable effects. Firstly it leads to a reduction of oscillator 
efficiency,?® and we can expect that this reduction will be the greater if the 
resistance is due to mobility degradation and therefore non-linear rather 
than simply due to reduced carrier concentration. Secondly it results in a 
slow build up of oscillations after application of a bias pulse to a device.C® 
Many nanoseconds may be required to build up to full amplitude in cases of 
high contact resistance. Thirdly, the temperature dependence of the contact 
resistance?”) results in devices having a poor stability of frequency against 
changes in temperature.°® Finally variability in the contact fabrication 


CONTACTS 341 


leads to wide variations in the performance of devices. These problems are 
always present to a greater or lesser extent depending on the magnitude of 
the contact resistance. 


11.6.8 GROWN CONTACTS 


The damage which can occur in the fabrication of metal contacts can be 
completely eliminated if contact is made instead by growing a heavily con- 
ducting layer epitaxially on to the surface of the active layer. This produces a 
contact which is actually part of the crystal lattice of the active layer and 
which provides a smooth transition between the lower doped GaAs of the 
active layer and the more heavily doped GaAs of the contact layer. 

The contact layer can be epitaxially grown either from the vapour phase or 
from the liquid phase. It can be grown immediately after the growth of the 
active layer by increasing the flow of dopant gas in the vapour case or by 
immersing it in a more heavily doped melt in the liquid case, as noted in 
Sections 11.3.6 and 11.3.5. This approach is clearly to be preferred over that 
where the contact layers are grown as a separate operation at a later time 
since, unlike the latter, it does not provide an opportunity for surface con- 
tamination to occur prior to growth of the contact layer. A separate contact 
growth procedure does however offer more flexibility in that, for example, 
the contacts can be grown from the vapour on to an active layer which is 
grown from solution. This is desirable when very thin contacts are required 
for these may be more readily achieved by vapour growth. 

The carrier concentration levels attainable in the contact layers are typi- 
cally of order 101° cm~ 3, corresponding to 0-:001Q cm material, and by vapour 
techniques the layers can be grown with thickness down to 1-2 microns 
without much difficulty. 

The growth of n* contact layers however is not without problems of its 
own, and high resistivity layers have often been observed at the interface 
between the grown n* contact layer and the active layer. In a particular 
case where n* contacts were formed separately by liquid growth the occur- 
rence of the high resistivity layer was thought to be due to the loss of Arsenic 
from the GaAs at the high temperature involved.*) The problem was over- 
come in this case by maintaining a small As overpressure to prevent As loss 
from the GaAs and also by etching back to remove the high resistance layer 
from the surface immediately prior to growing the contact layer. 

In view of the problems which can arise with metal contacts it will on many 
occasions be preferable to employ n* contacts, if these can be satisfactorily 
produced. 


11.6.9 OTHER CONTACTING TECHNIQUES 
Two further methods of making contact are worthy of mention. These are 


342 MATERIAL GROWTH AND DEVICE FABRICATION 


diffused contacts and ion implanted contacts. Little work has been carried 
out so far on either technique but both offer the capability of achieving the 
very thin contacts which are essential when devices of high mean power are 
to be fabricated. 

Contact diffusion is achieved by heating the slice with its epitaxial layer 
in areactor containing the dopant gas which can then diffuse into the epitaxial 
surface, doping it heavily n-type. The problem here is to achieve good control 
of the diffusion profile to give a sharp carrier concentration profile at the 
surface, while avoiding any undesirable diffusion of other impurities in the 
epitaxial layer, leading for example to a reduction in the active layer thickness. 
A number of elements have been used successfully to dope GaAs n-type, 
among them S, Sn, Se and Te. Details of the sites in the GaAs occupied by 
these and other dopants, together with other diffusion data are to be found 
in Ref. 39, 

For ion implanted regions the desired dopant atoms are ionised and accel- 
erated to high velocity in an electrostatic accelerator. The penetration depth 
will depend upon the energy given to the ions and the main advantage of 
the method is the precise control of penetration which can be acheived, and 
hence also control of the spatial distribution of the dopant. The inevitable 
lattice damage which arises from the bombardment must be annealed out 
afterwards. Implantation has not been applied much so far to contact fab- 
rication, but it has been shown, for example, that Te can be implanted at 
20 keV to form an n-type region, the major part of which is contained within 
0-1 um of the surface.” For the implantation the GaAs was heated to 
400°C and it was subsequently annealed at 600°C for 10 min in N). 


11.7 DEVICE CONSTRUCTION 


A number of different approaches are in use for the fabrication of transferred 
electron devices. The essential features which are required of any approach 
are: 


(1) The method of construction must be compatible with integrated 


circuit techniques to give a high yield of identical devices from a 
given slice of material. 


(2) The structure must allow for the efficient removal of heat from the 
small active region of the device where it is generated. 
(3) The completed devices must be reliable (electrically and mechanically) 
and in a form which is robust and which allows easy handling. 
The first of the features is satisfied by performing as many common oper- 
ations as possible while the devices are still part of the GaAs slice, and then 


dividing the slice up into a large number of devices for the remaining indi- 
vidual operations of packaging etc. 


DEVICE CONSTRUCTION 343 


The efficient removal of heat from the active region of a device allows it 
to operate nearer to the ambient temperature and this means not only reduced 
thermal stress but also more efficient generation of microwaves. 

The reliability of a device calls in question every process and every metal 
or alloy used in its fabrication. For example at high operating temperatures, 
excess Sn in the contact may spike through the active layer; or effects may 
occur due to strain at the metal-semiconductor interface owing to differences 
in the thermal expansion coefficient of metal and semiconductor. The proper- 
ties of the GaAs itself are not without relevance to device reliability, for 
diffusion of impurities within the material will also lead to degradation of 
the operating characteristics. 

For robustness and ease of handling, the small GaAs chips are usually 
mounted in suitable metal/ceramic encapsulations. 

One of the most important quantities which determines the actual device 
construction used is the power level to be dissipated. If this is low, 1W or 
less, say, then a very simple device construction can be employed, which is 
outlined in Section 11.7.1 and shown in Fig. 11.16. For higher dissipation 
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Fic. 11.16. Fabrication procedure for simple device configuration; (a) expose holes in 
photoresist; (b) deposit metal; (c) float off resist and fire in contacts; (d) saw up processed 
slice and mount individual devices on heat sinks. 
the active region must be mounted as close as possible to the heat sink and 
this calls for the technique outlined in Section 11.7.2. For reliable devices, 
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a good bond of the active chip to the heat sink is essential, and a brief dis- 
cussion is included of the methods available for bonding. 

The bonding operation is a very critical one and is an individual operation 
for each device. This tends to result in an undesirable spread in device 
characteristics, due for example to the occurrence of voids in the bond made 
with some devices—this will lead to high thermal resistances for such devices 
and therefore to a high operating temperature which degrades operating 
performance. In Section 11.7.4 an outline is presented of techniques for 
device fabrication with integral heat sinks. For these devices the critical 
bond can be produced with near ideal characteristics and reproducibly for 
all devices from a slice, giving a high yield of good devices. 


11.7.1 CONSTRUCTION OF LOW POWER DEVICES 


Photoresist is applied to the surface of a slice of non n* GaAs. A chromium 
on glass mask bearing the desired pattern of metallisation is brought into 
contact with the epitaxial surface and the pattern is exposed through the 
mask. (Fig. 11.16a). The contact metals are evaporated on to the surface 
(as described for example in Section 11.6.3.) and the excess metal floated 
off using a suitable solvent for the photoresist. This leaves metal only in 
areas defined by the mask pattern. The metal (usually Ag/Sn) is fired in to 
form an array of low resistance ohmic contacts. The contact areas employed 
typically range from 50 um x 50pm to 100 um x 100 pm. 
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Fic. 11.17. Sectional view of device mounted in a typical encapsulation. 


Having defined an array of contacts to the epitaxial layer the layer is 
inverted and a lower temperature contact, for example AuGe, applied to the 
substrate (as described in Section 11.6.3). The slice is sawn or scribed and 
cleaved to produce a considerable number of GaAs chips each approx. 
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0-25 mm x 0-25mm, which are bonded on to a copper heat sink, as shown 
in Fig. 11.16d. The heat sink will usually be the pedestal of an encapsulation, 
as shown in Fig. 11.17. A Au wire or tape is thermocompression bonded to 
the defined top contact and to the flange of the package. The encapsulated 
device is sealed off hermetically in the package when the top cap is welded 
on to the flange. 

The advantages of this construction are its simplicity, the control of power 
dissipation in the device by the choice of mask used, and the long path 
which can be obtained between the two electrodes, preventing electrical 
breakdown along the exposed surface and edge. The simplicity of manufac- 
ture makes this the cheapest microwave oscillator to produce, and its con- 
struction makes it very reliable. The long path for heat flow from the active 
region through the thick (approx. 100}:m) GaAs substrate of low thermal 
conductivity to the heat sink, results in a limit of about 1W being set on the 
allowable power input to this structure. The microwave output powers 
range up to about 30-50mW and devices with this structure have found 
wide application as local oscillators and transmitters in mini-radar equip- 
ments (Chapter 10). 


11.7.2 FLIP-CHIP CONSTRUCTIONS 


Where powers much in excess of 1W have to be dissipated, the high thermal 
resistance of the GaAs substrate in the previous construction can not be 
tolerated. This leads naturally to the configuration where the active zone on 
which the heat is generated is adjacent to the heat sink. For such a confi- 
guration a thermal resistance of around 15°C/W is typical, as compared with 
about 100°C/W for the low power device structure. Clearly it is not sufficient 
merely to invert the low power structure since a large area of uncontacted 
GaAs would then be in intimate contact with the heat sink. This would 
form some sort of metal semiconductor barrier which would be as non 
uniform as the interface itself and which would lead to current flow in the 
GaAs outside the desired active region as defined by the Ag/Sn contact. 

Two techniques are widely used to fabricate flip-chip devices. In the first 
of these, the whole epitaxial surface is contacted with metal (i.e. no mask) 
and the slice diced up as before. The individual dice can now be bonded 
to a heat sink as shown in Fig. 11.18a, and a Au wire or tape thermocom- 
pression bonded to the substrate metallisation. With devices having this 
construction, treatment of the edge is critical to prevent breakdown. In addi- 
tion it is difficult to maintain uniformity in device area by this technique, 
and devices of much less than 100 1m side are very difficult to produce. 

In the second technique, a contact pattern is defined on the epitaxial 
surface as for the low power device. The unmetallised areas between the 
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contacts are then etched away to a depth greater than the active layer thick- 
ness. This leaves the active devices as an array of mesas, raised above the n* 
substrate. The slice is diced up as usual by scribing and cleaving, and the 
individual devices mounted, active layer down, on to a heat sink as in Fig. 
11.18b. 

With the latter approach devices of uniform area can be achieved, and 
areas down to 50pm x 5041m can be realised. Small diameter mesas offer 
the best heat sinking configuration since a large amount of heat spreads 
away laterally into the sink. It is therefore often desirable, instead of fabri- 
cating a single large mesa, to fabricate a number of small mesas of the same 
total area. The most common configuration is a three legged structure as 
shown in Fig. 11.18c, since this is mechanically stable. 


(a) 


Au contact 
wire or tape 


Fic. 11.18. Four flip-chip device configurations. 


It will be evident that, for GaAs slices with planar grown contacts, the 
approach of the previous section in not applicable. However those of the 
present Section are, and the devices thus produced would resemble those in 
Fig. 11.18, except for an n* region between active layer and metallisation. 
For example, the equivalent of Fig. 11.18b with a grown contact would be 
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as shown in Fig. 11.18d. Although desirable for the formation of a good 
contact to the active region, the low thermal conductivity of this additional 
layer of GaAs can add significantly to the thermal resistance of the structure. 
Hence it is desirable to make this n* region as thin as possible, and a value 
of 2 um represents about the limit. The effect of such an n* region on the 
thermal properties has been indicated previously in Section 10.1. 

Having minimised all other contributions to the thermal resistance of a 
flip chip device (thinning the n* region, for example) we are left with the 
thermal resistance due to the bond between the chip and the heat sink. The 
magnitude of this sets the ultimate limit. 


11.7.3 BONDING 


Three methods are commonly employed to obtain a bond between the GaAs 
chip and the heat sink which is satisfactory both electrically and mechanically. 
These are the soldered bond, the ultrasonic bond and the thermocompres- 
sion bond. In practice any combination of these may be employed at will 
to realise the most satisfactory bond. 

The first method is the simplest and is a straight forward soldering of the 
chip to the heat sink using a solder preform. The main disadvantage is that 
the large amount of solder used leads to a bond which is typically 4-8 jum 
thick, which in view of the poor thermal conductivity of the known solders 
leads to a substantial thermal resistance. 

The ultrasonic bond involves scrubbing the two surfaces to be bonded 
together, with the heat sink at a temperature up to 300°C. In this way in- 
timate contact can be achieved between the surface molecular layers leading 
to excellent adhesion of the chip to the heat sink. This approach may not 
be desirable if small mesas are being bonded, because of the lateral stress 
which is applied to the mesas. 

For the thermocompression bond the surfaces to be bonded are brought 
together, raised in temperature, and subjected to a high pressure. For 
successful bonding the right conditions of pressure and temperature must be 
established. A bond formed at high temperature requires less pressure, but 
if too high a temperature is used, appreciable strain will be set up in the 
device due to the mismatch in thermal expansion of GaAs and the metal 
heat sink (copper). A bond formed at low temperature however requires 
very high pressures and there is the danger of damaging the GaAs chip. The 
compromise usually employed is a temperature of 300—350°C and a pressure 
of around 15,000—30,000 Ibs/in? (1-2 kilobars). 

For both ultrasonic and T.C. bonds it is common practice to evaporate or 
plate a Au layer (0-5-5 j1m) on to the metal contact and also to plate the heat 
sink with a few microns of Au, in order to facilitate the formation of the 
bonds. Both lead to bonds which can be less than 2 1m thick and which, 
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because of the high thermal conductivity of the Au, possess low thermal 
resistance. 

Flip chip devices, thermocompression bonded on to a Copper heat sink have 
been able to dissipate up to 40W of continuous power input. Microwave 
power outputs from these devices have reached 1W.“!) 


11.7.4 INTEGRAL HEAT SINK CONSTRUCTION 


Formation of the bond between chip and heat sink is a critical operation 
which must be performed separately with each and every device. The integral 
heat sink approach seeks to overcome this disadvantage by careful formation 
of this bond at a processing stage where the whole of the slice is being 
handled. Having successfully formed the crucial bond, the later operation 
of bonding or soldering each unit into an encapsulation becomes much less 
important since the heat will be well spread out when it reaches the second 
bond. The technique thus potentially offers greater ease in the packaging of 
devices and greater reproducibility in the performance of packaged devices. 


(a) lated ‘Au~ 
Contact 


an 


77/7 


Fic. 11.19. The integral heat sink construction; (a) metallize epitaxial layer and plate with 
Au; (b) lap off most of substrate; (c) metallize substrate; (d) define a pattern on substrate 
and etch away unwanted metal and GaAs. 


(d) 
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The slice is metallised on the epitaxial surface only and the contact fired 
in. Auis plated on top ofthe contact to a thickness of 50-100 um (Fig. 11.19a). 
The substrate is lapped and etched to reduce slice thickness (Fig. 11.19b) and 
the thick plated Au acts as a support for the thin GaAs slice for the rest of the 
process. Metallisation is then applied to the substrate and this contact fired in 
(Fig. 11.19c). Photoresist is deposited on to the substrate metal and exposed 
through a mask to define the desired pattern. The selected regions of metal and 
GaAs are etched away to leave the structure shown in Fig. 11.19d. The Au 
base is finally diced up to yield individual flip chip mesas with integral heat 
sinks. These can then be mounted into microwave encapsulations by solder- 
ing or thermocompression bonding. 


11.7.5 ENCAPSULATIONS 


Some of the most commonly used encapsulations are shown in Fig. 11.20. 
They all comprise a metal base (heat sink) and top hat or cap to which the 
Au bonding wires are connected (Fig. 11.17). The two parts are separated 
by an annular section of ceramic, usually alumina (¢ = 9). 


a 


Fic. 11.20. Encapsulations commonly used with microwave solid state oscillators. (Crown 
Copyright, published by permission of the Controller of Her Majesty's Stationery Office). 
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The function of the encapsulation is to provide the small GaAs chip with 
a housing which is readily handled, robust, and flexible (in that it can be 
incorporated into a variety of microwave circuits), without detracting in 
any way from the microwave performance of the chip itself. In practice the 
latter consideration means that the maximum allowable size of the encap- 
sulation falls with increasing operating frequency, since otherwise the 
parasitics of the encapsulation become important elements of the microwave 
circuit, which is not usually desirable.*” This effect becomes so pronounced 
at the highest frequencies (over 50 GHz say) that the preferred approach is 
to integrate the semiconductor chip with the circuit in which it is to operate 
without employing any encapsulation.*» Flexibility is inevitably lost, but 
the microwave performance is much improved. 

The size of the highest frequency package shown is very small indeed 
(0-030 in diam. ceramic). To ensure good heat sinking as well as convenience 
in handling, this miniature encapsulation has been fabricated on the end of 
a large copper screw. 


Semiconductor chip Microstrip 


n+ substrate 


Epoxy ; 
casting resin Dielectric 
F Ground plane 
Epitaxial 
layer Heat sink 


Fic. 11.21. A transferred electron device mounted directly into microstrip. 


A major limitation to the usefulness of any encapsulation occurs when a 
resonance occurs between it and the diode it contains. The resonant frequency 
depends on diode impedance, of course, but one can nevertheless set down 
an approximate guide as to the maximum frequency at which the packages 
shown are useful. In order of decreasing package size, these frequencies 
would very approximately be 10, 25, 35 and 50 GHz. 

On some occasions it is desirable to operate diodes in microstrip circuits 
and this is often done without any encapsulation. A typical mounting con- 
figuration for the diode will then be as shown in Fig. 11.21, where it is bonded 
directly on the ground plane of the microstrip and the Au tapes attached to 
the microstrip conductor. For reliable operation the diode is sealed by 
potting in an epoxy resin. 
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11.7.6 PLANAR DEVICE CONFIGURATIONS 


The device configurations dealt with so far have all had the general feature 
that the direction of heat flow is the same as that of current flow. This is a 
consequence of the active layers all being grown on to n* substrates. There 
are advantages to be gained by employing a different device configuration 
which results from growing the active layer on to a semi-insulating (S.I.) 
substrate. Here both contacts must be made to the surface of the epitaxial 
layer. The first attempts to construct such a device followed the simple 
approach of depositing metal contacts on to the surface to form both elec- 
trodes, as shown in Fig. 11.22e. This configuration proved to be prone to 
electrical breakdown, largely due to current crowding at the leading edge of 
the anode metallisation.¢” To avoid this problen the anode contact was 
made a sunk-in n* region (Fig. 11.22f). Although such devices are reliable 
they suffer from the fact that for high frequency operation their design is a 
compromise since the diode parameters must be chosen to optimise geometry 
(minimise ¢/L) as well as satisfying the nL and nt space charge criteria 
discussed in Chapter 4.‘¢° 

A more optimum design can be realised by making the cathode contact a 
sunk-in n* region just like the anode. If the epitaxial layers are not too 
thick the n* contacts can be made to extend right through the layer and the 
uniform device cross-section then removes the need for any criterion on the 
device geometry. 

The fabrication of planar devices follows the course now to be outlined. 
After the deposition of an SiO, layer on to the epitaxial surface, windows 
are opened up as shown in Fig. 11.22a, using the standard photolithographic 
techniques, and GaAs etched out as shown in Fig. 11.22b. The slice is then 
mounted in a reactor and n+ GaAs grown into the holes. Another photo- 
lithographic process is required to apply the contact metallisation to the n* 
GaAs and to remove the oxide. The result is an epitaxial layer with an array 
of sunk-in 1* pockets. The pockets are typically 1-2 ym deep and of line 
geometry, the length being dictated by the desired value of device resistance. 

For devices having a surface metal contact, a set of n* contacts are pro- 
duced followed by the evaporation of metal stripes on to the surface, each 
stripe being adjacent and parallel to a line of sunk-in n* contact, and at the 
required separation from it (Fig. 11.22f). For a double n* contact device, 
pairs of sunk-in n* pockets are arranged to have the separation appropriate 
to the desired operating frequency. 

The planar form of transferred electron device is of interest for several 
reasons. 


(1) Heat flow is transverse to the direction of current flow so that devices 
with large contact separations can be constructed while maintaining 
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Fic. 11.22. Fabrication process for planar transferred electron devices: (a) deposit oxide 
and open up holes photo-lithographically; (b) etch holes in the GaAs; (c) grow n* GaAs in 
these holes; (d) metallize the n+ contact region and remove oxide; (e) planar device with 
two surface metal contacts; (f) planar device with one surface metal contact and one sunk-in 


n* contact. 
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close proximity of all regions of the device to the heat sink. For ” on 
n* devices a large thermal gradient would be set up across the layer. 
The large contact separation is for example required for domain mode 
operation at low frequencies, or for LSA operation. 


(2) Access is more readily obtained to the active region for control of 
domain propagation etc. This is desirable in logic applications and 
functional devices.“ 


(3) Compatibility with microwave integrated circuits, in particular mono- 
lithic circuits using S.I. GaAs as the substrate material. 


(4) It is suitable for the fabrication of space charge wave amplifiers. 
However, interest in these features has not so far been sufficient to stimu- 


late much work on these devices. As far as the usual transferred electron 
oscillation applications are concerned, these are mostly at X-band and above, 
and utilise domain modes of operation. At these frequencies the planar 
structure is at a distinct disadvantage on thermal grounds because of the 
thickness of the S.I. support substrate. 
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Chapter 12 


Further Developments in 
Bulk Negative Conductivity 


12.1 INTRODUCTION 


Since the discovery of bulk negative differential mobility effects in GaAs 
and InP, similar effects have been shown to occur in a number of other 
semiconductors. Table 1 tabulates those semiconductors which exhibit 
effects at room temperature, while Table 2 records those in which the effect 
can be observed by going to low temperatures and/or by applying pressure 
to suitably modify the band structure. Negative differential mobility effects 
have even been observed in p-type Ge“ by the application of uniaxial 
stress, as first suggested by Ridley and Watkins.“ The applied stress 
splits the degeneracy in the valence band of Ge and a negative resistance 
arises due to the transfer of holes between the high and low mobility sub- 
bands. 

The long list of materials presented in Tables 1 and 2 underlines the fact 
that bulk negative resistance can no longer be regarded as peculiar to GaAs 
and a few other less common semiconductors. It has become an accepted 
feature arising out of the complexity of the band structure of semiconductors. 
Negative resistance effects have been observed in the familiar semiconductors 
Ge™ and InSb® although it only occurs at low temperatures, and in the 
case of InSb short pulses are also required to avoid avalanching. These 
facts, together with the fact that the negative resistance effect is small in 
the much examined semiconductor Ge, help to explain why bulk negative 
resistance was not discovered earlier during experiments on Ge and InSb. 
Figure 12.1a shows the current waveform of a Ge sample at 27°K with the 
characteristic Gunn effect spikes,‘!*) while Fig. 12.1b shows measured velocity 
field curves for electrons in Ge at temperatures up to 130°K in a <100> 
orientation.¢” 

We now know that electron transfer is not an essential requirement for 
bulk negative resistance and negative resistances occurring within a single 
valley are discussed in Section 12.2. 
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In Section 12.3 we discuss how the other binary III-V compounds compare 
in performance with GaAs and how new transferred electron materials can 
be produced by suitably alloying binary compounds. 

The significance of the magnitude of the deformation potential coupling 
the central and satellite valleys is discussed in Section 12.4 and for weak 
intervalley coupling it is pointed out that we have to include higher energy 
sets of conduction band minima in our considerations. Semiconductors 
which may have a low value of intervalley coupling and which may therefore 
require a three energy level description are described in Section 12.4.1. 
Velocity field curves are presented for these three level oscillators and 
used to deduce operating efficiencies for the oscillators and the dependence 
on bias field. 

In the final section we discuss what we look for in new transferred electron 
materials if they are to provide devices with efficiencies significantly better 
than those obtainable from GaAs. 


Drift velocity in cm/sec 


oO | 2 3 4 5 6 7 8 9 
Electric field in kV/cm 


Fic. 12.1(a). Current waveform, showing spikes associated with travelling domains for a 

sample of n-Ge at 27°K. Bias 52 V, sample length 190 ym, horizontal scale 2 nsec/div.¢ » 

(b) Velocity field characteristic of electrons in Ge at various temperatures determined by 
transit time measurements on reverse biassed i—nt diodes,“!* 
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12.2 NEGATIVE MOBILITY DUE TO INTRA-BAND SCATTERING 


Hilsum“*) has calculated the velocity field characteristic for electrons in 
the (111) minimum of GaSb which are subject to three scattering mechanisms 
polar optical, non-polar optical and acoustic phonon scattering. Deducing 
values of 3450, 7300 and 2400 cm?/Vsec for the respective low field mobility 
limits due to the three scattering mechanisms, he calculates the curve shown 
in Fig, 12:2, 


Drift velocity (xiO®) cm/sec 


(0) 20 40 60 
Field(kV/cm) 


Fic. 12.2. The field dependence of the electron drift velocity in the {111} conduction band 
minimum of GaSb.“ 


The negative resistance in this case arises from polar optical phonon 
scattering dominating the electron energy loss, even though acoustic modes 
are most important in determining the momentum loss, as is evident from 
the mobility values above. Polar optical phonon scattering has the character- 
istic that it rapidly becomes ineffective in removing energy from the electrons 
as the field is increased, with the result that the electron temperature can 
rise rapidly. This rapid rise in electron energy reflects in an increase in 
the rate of loss of momentum which can be so marked as to lead to a reduction 
in the electron drift velocity as the field increases. 

Intra band scattering has been suggested as the origin of negative resist- 
ance effects observed in unstressed InSb at low temperatures.“ It is 
postulated that the negative resistance is due to non-parabolicity in the 
central minimum.“®!” The non-parabolicity means a much enhanced 
increase of density of states with increasing energy. The electron scattering 
rate is therefore enhanced at high energy and the rate of increase with 
applied field is sufficient to lead to a reduction in the drift velocity. A 
more accurate calculation of the velocity field curve!® confirms that negative 
resistance may arise due to non-parabolicity in the central minimum but indi- 
cates that this effect is overshadowed by electron transfer to upper minima. 
The curves calculated are shown in Fig. 12.3. 
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Calculations of the v-E curve of n—Ge at low temperatures also indicate 
that the oscillations observed are due to negative mobility induced by 
non-parabolicity in the lowest minimum.“%) More detailed calculations 
by Fawcett and Paige?” on the other hand suggest that the more important 
effect is again that of transfer to upper minima. 


Drift velocity (107 cm/sec) 


(0) | 2 3. 4 #95 6 eC 8 9 10 
Field (107 volts /cm) 


Fic. 12.3. The field dependence of the electron drift velocity in InSb at 77°K. (a) Neglecting 
the <111> minima (broken curve); (b) Including the <111> minima (full curve).¢® 


12.3 OTHER SUITABLE IIJ-V COMPOUNDS 


From Table 1 we see that InP, CdTe and ZnSe are other binary compounds 
capable of being developed to produce transferred electron devices. ZnSe 
however looks very unattractive on account of the high threshold field 
required for transfer. Little is known about the band structure of CdTe 
but the rather high threshold field together with the comparatively low 


TABLE 12.1. Materials in which effects due to negative differential mobility have 
been observed. 


Threshold field Peak velocity 


Material kV/om (approx) cm/sec Reference 
GaAs 3°3 2x 107 1 
InP 7=10 1 
2 
CdTe 13 1:3x 107 3 
ZnSe 38 1:5x 107 4 
GaAs,P, _,(x > 0:6) 2:3 5 
In, _,Ga,Sb(x > 0-3) 0-6 1x 107 6 
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peak electron velocity suggest that it too would be unlikely to yield devices 
with a performance which could compete with, let alone improve on, that 
which can be obtained with GaAs devices. 


TaBLE 12.2. Materials which have been made to exhibit effects by operation at 
reduced temperature and/or by application of pressure. 


Peak velocity 


Comments Reference 
cm/sec 


Material Threshold 


Ge 2:3(77°K) 1:-4x107(77°K) Temperature below 120°K i! 
£100) or (110) 


InSb 0°6(77°K) Low temperature 8 
Short pulse measurement 

InAs 1-4 >2x 107 Room temperature 
Uniaxial stress along 9 
€111> 

InSb 0:2 3x 107(77°K) Low temperature 10 
Hydrostatic pressure 

p-type Ge 0-3 Temperature below 160°K 11 


Uniaxial stress along 
€111> or ¢100) 


The third material however, InP does warrant further consideration 
in view of the fairly low threshold field and the promising peak to valley 
velocity ratio which it offers. Taking the nearest satellite valleys in InP 
to be the (100) and an inter-valley separation of 0-8 eV, Fawcett et al.(?) 
have calculated the v-E characteristic shown in Fig. 12.4. A peak velocity 
of 2:8 x 10’ cm/sec is indicated and since it is believed that the <100) 
minimum in InP is similar to that in GaAs, a saturated velocity of around 
9 x 10° cm/sec is expected at high fields. This gives InP a peak/valley 


Velocity x iO” cm/sec 


Fic. 12.4, The velocity—field characteristic for InP, assuming transfer to the {100 valleys 
at an intervalley separation of 0:8 eV. Deformation potential 1 x 10° eV/cm.2?» 
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ratio of 3-1 which is to be compared with the value of approximately 2.2 
for GaAs. From the square wave model discussed in Section 5.5, we therefore 
predict a maximum fundamental efficiency of over 40% for InP as compared 
with 30% for GaAs. More important, whereas this comparison is made at 
room temperature, the more appropriate comparison would be at high 
temperatures corresponding to the operating temperature of practical devices. 
The much larger value for the separation of the energy minima in InP 
(0-8eV) should mean a lesser degradation of efficiency as temperature is 
increased, thereby making the advantage to be gained over GaAs still 
more attractive. 

Recent ideas on the band structure of InP however suggest that it may 
not be as assumed here and that both the <100) and the ¢111) satellite 
minima are involved in the transfer process. This model of InP as a three 
energy level system is discussed further in Section 12.4.1. 


12.3.1 MIXED CRYSTALS 


In some cases a new transferred electron material can be produced by 
suitably alloying two binary compounds, neither of which satisfies all 
the criteria for electron transfer. Furthermore we can often expect to improve 
the performance of an established transferred electron material by alloying 
to it a small amount of another material so as to modify the band structure 
in a desired way, for example to increase the intervalley energy separation. 
An example of the former would be a suitably composed alloy of InSb 
and GaSb, and of the latter an alloy of InAs and GaAs. Such III-V mixed 
crystals have the general form (A,“B,_,™)CY or A™(C,Y D,_,”) ie. a 
group III or a group V element is common to the two binary compounds 
forming the alloy, and the substitution in the lattice is between atoms of 
the same group. 


pink aia 20:08. 2. <4 
0:60 InSb GaSb 
| 072 
aos 0.175 | 
eee SESS eee 
—<— (Il) (000) (100) > —=— (Mn (000) (100) —— 
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Fic. 12.5. The conduction band of (a) InSb and (b) GaSb. Energy separations as given in 
refz25, 
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The band structures of InSb and GaSb are shown in Fig. 12.5. Electron 
transfer in InSb can only be obtained with difficulty because of avalanching 
due to the large intervalley separation and the small energy gap. GaSb 
does not exhibit electron transfer because the intervalley separation is so 
low that the satellite minima are well populated at room temperature and 
with zero applied field. However, by suitably alloying the two compounds 
an In, _,Ga,Sb alloy can be formed (Fig. 12.6) where the intervalley separ- 
ation is large enough to prohibit thermal transfer and the energy gap large 
enough to allow transfer to occur before ionisation energies are reached. 

We might expect to improve GaAs as a transferred electron material by 
alloying to it a small amount of InAs so as to reduce the electron mass and 
increase the intervalley separation, both of which will tend to increase the 
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Fic. 12.6. The band structure of the mixed crystal In,;_, Ga, Sb. For a suitable composition 
A < @, and is sufficiently large to avoid thermal transfer. The requirements for electron 
transfer are then satisfied. 
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Fic. 12.7. The conduction bands of (a) InAs and (b) GaAs. Energy separations as given in 
refs 25 and 22. Values apply at 300°K. 
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peak electron drift velocity. The band structures of InAs and GaAs are 
shown in Fig. 12.7 and alloying InAs to GaAs will lead to an increase 
of the intervalley separation A as shown in Fig. 12.8. Up to 50% InAs 
can be tolerated in the alloy before the intervalley separation becomes greater 
than the band gap and electron transfer is no longer obtained. For this 
range of composition the alloy should have an electron mass intermediate 
between that of GaAs (0-067 mo) and the very low value of InAs (0-022 mp). 
This fact and the increased separation should mean higher peak velocities 
in the alloy than in GaAs itself which, if the satellite velocity is essentially 
unchanged, will lead to a higher maximum operating efficiency. 
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Fic. 12.8. Inter-valley energy separation A versus energy gap @, for the mixed crystal 
InGaAs. Data from ref, 21. 


A practical transferred electron material should desirably have a large 
enough energy gap (1 eV, say) in order to remain extrinsic at the high tem- 
peratures often encountered in device operation. This would rule out InGaSb 
completely and restricts the allowable InAs content in InGaAs to less 
than 30%. 


12.4 THE IMPORTANCE OF THE INTERVALLEY COUPLING CONSTANT 


Although it is generally assumed that the magnitude of the deformation 
potential coupling the central ([) and (100) (X) minima in GaAs is around 
1 x 10° eV/cm, this is by no means certain. Fawcett et al.°??) have taken 
values ranging from 2 x 10®eV/cm to 2 x 10°eV/cm and have examined 
how the velocity field curve varies with the magnitude of this potential. 
Their results are shown in Fig. 12.9 and these results and their implications 
will now be discussed. 
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Fic. 12.9. The velocity—field curve for electrons in GaAs, assuming values of 2x 105, 
5x108, 1x10°, 210° eV/cm for the deformation potential = coupling the T and X¥ 
minima.?”) 
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Fic. 12.10. The electron distribution function in the central (T) minimum in GaAs at 
applied fields of 0, 3000 V/cm and 7500 V/cm and for values of the intervalley deformation 
potential & from 2 x 10® to 2x 10° eV/cm.‘??) 
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The electron distribution function in the central valley is shown in 
Fig. 12.10 for the range of deformation potentials considered. The distribution 
functions are plotted for values of applied field 0, 3k V/cm and 7:5 kV/cm. 
It is evident from these that for strong coupling between the central and 
satellite valleys (high deformation potentials), there is a rapid fall-off in 
the electron distribution function at high energy. The “‘tail’’ of the distribution 
function sets in at around 0-36eV, the intervalley energy separation. The 
temperature of the electrons in the tail (indicated by the slope of the distri- 
bution function) is dependent on the deformation potential and is close 
to the lattice temperature (indicated by the slope at zero field) when the 
deformation potential is 2 x 10°eV/cm. Further increase in deformation 
potential will scarcely alter the distribution function. 

On the other hand, small values of the potential (weak coupling) allow 
electrons in the central valley to reach very high energies. Consequently 
at a given value of applied field there will be more electrons at high energy 
for weak than for strong coupling, and correspondingly there will also be 
more electrons in the satellite valleys in this case. This is confirmed by the 
data presented in Fig. 12.11. 


2 xlO8eV/cm 


0-75 


0:50 


0:25 


Fraction of electrons in (I0O)valleys 


O 5 10 15 20 25 
Field (kV/cm) 


Fic. 12.11. Fraction of electrons in the {100} valleys for various intervalley deformation 
potentials‘??? 


Thus for weak intervalley coupling most of the transfer from central 
to satellite valleys takes place over a very narrow range of electric field 
and the drift velocity drops sharply as shown in Fig. 12.9. The peak—valley 
ratio increases to about 2-8. A disadvantage of the rapid transfer however 
will accrue from the fact that electrons in the satellite valleys are travelling 
with drift velocities below their saturated value when transfer is almost 
complete, and hence the drift velocity will tend to increase slowly with 
increasing field beyond the valley velocity. 
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Fic. 12.12. Efficiency curves based on an assumed square wave mode! for the oscillation, 

as indicated in the insert. A normalized velocity field characteristic plotted on these curves 

enables fundamental operating efficiency to be read off directly for any bias field E@*, 

Shown plotted in normalized form in (a) are the v-E characteristics for different inter- 

valley couplings in GaAs (from Fig. 12.9) and in (b) the v-E characteristics for InGaSb 

and InP on three level models, the two characteristics presented for InP being for two 
possible values of the I—Z deformation potential (from Fig. 12.13). 
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In Fig. 12.12a we plot the v-E curves estimated for GaAs for = = 2 x 108, 
5 x 108, 2 x 10°eV/cm on the efficiency curves deduced by Hilsum.‘?»? 
For the strongest coupling efficiency continues to increase with bias towards 
a maximum value of 35%, while for weak coupling efficiency is higher at 
low bias. Weak intervalley coupling in GaAs would offer the advantage of 
high efficiency operation at lower bias fields. A disadvantage would be 
that the time constants for transfer would be slow with the result that high 
efficiencies would only be obtained at low microwave frequencies. 

An additional complication arises with weak coupling since the very 
high electron energies which occur (see Fig. 12.10) would mean that the 
next highest set of conduction band minima also play a role. In GaAs 
these, the ¢111> minima, are believed to be only 0:2 eV above the ¢100> 
minima. It was in recognition of this fact that the calculation for = = 2 x 108 
V/cm was not carried out for fields above 10kV/cm. 


12.4.1 THREE LEVEL SYSTEMS 


While weak intervalley coupling is only a possibility in GaAs, there are 
reasons to believe that it does occur in other transferred electron materials, 
those whose lowest satellite minima lie along {111} directions. This belief 
arises because it is known that the (111) minima in Ge are weakly coupled 
to the central ([) minimum and it seems reasonable to expect that this 
will also be the case in other zinc blende semiconductors. In Ge & has been 
estimated as 1-3 x 10® eV/cm.?” 

As evidenced by Fig. 12.6 In,_,,Ga,Sb is one transferred electron material 
with a band structure appropriate for weak coupling. The v-F curve of 
this material has been calculated for x = 0°8 by Hilsum and Rees,‘?» 
taking a value of 1 x 10®eV/cm for the deformation potential coupling 
the central and ¢111> minima. The low coupling between the two lowest 
minima necessarily means that the third set of minima (the X-minima in 
this case) are also important, so that we are dealing with a three energy 
level system. For the I-X deformation potential a value of 1 x 10?eV/cm 
was taken, with a similar value for X-L potential. The v-E curve calculated 
is plotted in Fig. 12.13a. The initial transfer is to the ¢111> minima and 
occurs very rapidly with increasing field as discussed in the GaAs case. 
Hence, the negative slope mobility is very high and the drift velocity of the 
transferred electrons is low since the applied field is only around 1 kV/cm 
when most of the electrons have transferred. As the field is increased above 
threshold the electrons begin to see the third set of states, the X-minima, 
and it is transfer of electrons from the L-minima to the X-minima (strong 
coupling) and thence back to to I-minimum (strong coupling) which mainly 
causes the drift velocity to rise steadily beyond the valley velocity. 
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The velocity—field relation for Inp..Gay.gSb is plotted in normalized form 
on Fig. 12.12b. The rapid transfer to the L-minima enables a maximum 
efficiency of 36% to be obtained at 3-3-5kV/cm (5-6 thresholds). The 
rising part of the characteristic at high fields prevents even higher efficiencies 
from being obtained. The I-L deformation potential used to calculate 
this v-E characteristic however was probably too low since an additional 
coupling mechanism is present in InGaSb, via polar phonons, which is 
absent in Ge. 

In a previous calculation of the v-E curve for InP (Fig. 12.4) transfer 
was assumed to take place from the I minimum to the X-minima. In the 
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Fic. 12.13(a). Velocity field characteristics for Ino,2Gao.gSb on a three level model with 

weak coupling between I and L minima (Er_, = 110% eV/cm), and strong coupling 

between the other minima (E,-x, Extr = 1X 10° eV/cm); (b) Velocity field character- 

istics for InP on a three level model and for two values of the I—Z deformation potential 

(Gr-1 = 1x 108, 3X10% eV/cem). E,-x, Ex-r = 5X 108, 1x 10° eV/cm respectively, The 
effective masses in the T and L minima are 0-08 and 0-4 respectively.2© 
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light of recent experimental evidence Hilsum and Rees‘?>:?© suggest that 
the X-minima are not the lowest satellite valleys in InP but that the L- 
minima are the lowest at an energy of 0-6 eV above the central valley. This 
places them 0:2 eV below the X-minima. On this model of its band structure 
InP qualifies as a possible three energy level system. With the energy separa- 
tions noted above and values of 1 x 10° and 3 x 10®%eV/cm for the I-L 
deformation potential, they calculate the v—E characteristics shown in 
Fig. 12.13.¢© 

These characteristics are plotted in normalized form on the efficiency 
curves of Fig. 12.12b. Because of the positive slope on the v-E characteristic 
at high fields, the efficiency will pass through a maximum as the bias field 
is increased. For =p_; = 1 x 10®eV/cm this maximum occurs at around 
40 kV/cm and the maximum efficiency is around 34%. For the higher value 
of &;_, the peak occurs at higher fields but has substantially the same value. 
By way of comparison, the simple two valley GaAs model with = = 1 x 10° 
eV/cm predicts an efficiency of 30% at this field strength. The three level 
model of InP in fact leads to a lower predicted maximum efficiency than 
the 40% which we deduced in Section 12.3 for the two level model. 

It has been suggested‘?>:?7) that domain formation will tend to be in- 
hibited in 3-level oscillators. This is because for fields lower than the valley 
field, the slow transfer from I-L due to the weak coupling will result in 
the electrons not being able to follow rapid fluctuations in the field. In 
addition the diffusion rate will be greatly increased. Both these effects will 
tend to inhibit the formation of a domain and thus operation in non-domain 
modes is favoured. 

Whereas in a 2-level system, weak coupling and therefore slow transfer 
must mean a limitation on the maximum frequency of operation, in the 
3-level system the presence of the third level with strong coupling to the 
other minima may avoid this limitation. 


12.5 FUTURE DEVELOPMENTS 


The present position in the transferred electron field is that there is one 
semiconductor, GaAs, whose technology has been highly developed. The 
maximum efficiency predicted for the material depends somewhat on our esti- 
mate of the important material constants but generally the value is in the 
range 30-35%. This compares very favourably with experimental measure- 
ments of up to 32:2%.®) For a new material to be worth developing we 
would require it to be capable of providing an efficiency of around 50% at 
room temperature. We now examine the potential of the three negative 
mobility systems (one, two and three level) in providing such high efficiency 
devices. 


FUTURE DEVELOPMENTS 369 


One Level 

Intra band negative resistances have thus far only been predicted in semi- 
conductors where transfer to upper minima appears to be the more significant 
effect. However, the effect may exist on its own in semiconducting materials 
yet to be investigated, and if the energy separation of the two lowest minima 
is sufficiently large, it is conceivable that a significant fall in drift velocity 
may be obtained at high fields. This effect though is not likely to be as large 
as one which arises from transfer to a minimum where carriers have much 
lower mobility even when unheated by the field. 


Two Level 

To obtain the high efficiency specified we are looking for peak to valley 
velocity ratios of over 4 : 1, which means high peak velocities and low valley 
velocities. It is not easy to see how a peak electron drift velocity above 
2-3 x 107 cm/sec can be obtained. High peak velocity requires high mobility 
and high threshold field. The mobility in polar materials varies approxi- 
mately as m*~ 3/2 (Section 2.5.2). The threshold field for transfer is approxi- 
mately given by the polar mode breakdown field*®) and thus varies as m*. 
Consequently in maximizing the peak velocity we want to maximize this 
product, namely m*~*. Hence low effective mass is required, but we are 
prevented from going to very low mass by the fact that the mass is related 
to the energy gap. 


For small values of k, the conduction band is described by 
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where @ is the electron energy, &, the energy gap, A,, the valence band 
spin-orbit splitting at the centre of the zone and P the momentum matrix 
element connecting the three bands which are the solution of this equation.° 
Since A,, is small we can approximately write 
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Since the effective masses of interest are small and much less than the free 
electron mass, mo, we have 


6, 
oP. * 


The momentum matrix element P does not alter much from one material to 
the next and we can replace the term 1/(2P7) by a constant value 0:044 eV~!. 
Hence m* = 0-044 &, where @, is in eV. 

The effective mass is thus directly proportional to the energy gap. Since 
any useful material must remain extrinsic at typical device operating tem- 
peratures, we can not tolerate a value of &, which is less than about 1 eV 
and hence we are restricted to a minimum effective mass of around 0-044. 
Consequently we are restricted to a maximum attainable peak velocity 
which is not appreciably above that for GaAs (for which m* = 0-066). 

While the above argument is very qualitative and ignores details such 
as scattering mechanisms other than polar optical scattering and their field 
dependence, it does confirm what appears to be the case in practice, 
namely that peak velocities cannot be obtained which are much greater 
than that for GaAs (2 x 10’ cm/sec). The maximum peak velocity pre- 
dicted for a semiconductor satisfying the band gap criterion is just over 
3 x 10’ cm/sec for Ing.2ASo.gP°?) 

If no significant improvement in peak velocity is likely, what is the prospect 
of a reduction in the satellite valley velocity below that in GaAs? Assuming 
that the velocity of interest is the saturated drift velocity and further that it 
is determined by optical phonon emission, then its value will be proportional 
to m*~3, as calculated for Ge in Ref. 7. Thus we look for an increase in the 
effective mass of the satellite bands. The band gaps at the edge of the zone 
(where the satellite valleys often lie) tend not to vary appreciably from one 
semiconductor to the next among the IIJ-V compounds. Consequently 
the effective mass in the bands at the zone edge, being related to the zone 
edge band gap, does not vary much. However in some materials the satellite 
minima do not lie exactly at the zone edge, and the enhancement of the 
density of states which this gives will lower the saturated velocity by an 
amount dependent upon the strength of the scattering between the satellite 
valleys. Strong inter-valley scattering will lead to a significant reduction. 
In a similar way, close proximity in energy of a third set of conduction band 
minima to the second lowest set will also yield a reduction in the saturated 
drift velocity. 

Thus, although little improvement is anticipated in the peak electron drift 
velocity, new semiconducting materials may emerge having saturated drift 
velocities lower than in GaAs, and such materials might then be able to offer 
efficiencies of 50% or more. 
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Three Level 

The possibility that in some transferred electron materials, coupling to the 
lowest satellite valleys is weak, offers very high peak/valley ratios at com- 
paratively low fields. In the cases examined so far, however, the increase 
of drift velocity beyond the valley means that we can not properly exploit 
the effect to get high efficiency. Somewhat better results are expected from 
InAsP alloys.” 

With the same reasoning as for the two level case, little improvement 
is expected in peak drift velocity. The peak velocity obtainable will be 
limited to a value slightly less than would be available for a strongly coupled 
satellite valley (see Fig. 12.9) and the peak/valley velocity ratio will 
have to be considerably larger than 4:1 in order to offset the disadvantage 
of a v-E characteristic which increases at high fields. Higher effective masses 
in the satellite valleys however will also tend to lower the valley velocity 
in the three level system, as well as to limit the rate at which the velocity 
rises with field beyond the valley‘?® and an increase in the efficiencies pre- 
dicted for three level oscillators will follow. 

Introduction of the third set of levels in the electron transfer process 
gives an additional complexity to the transfer process. It may however 
also provide us with new and useful modes of operation of transferred electron 
devices of which we are as yet unaware. The concept of the three level 
oscillator is one which has arisen from a close examination of the band 
structures of semiconductors and from a detailed understanding of the 
transfer process. It is to a better knowledge of the available band structures 
and to a better appreciation of the consequences of particular band struc- 
tures that we look for the significant improvements in transferred electron 
devices. Who knows, in seeking improved transferred electron materials 
we may succeed in discovering something entirely new and useful, just as 
J. B. Gunn did in 1963 when he set out to examine the mobility of the semi- 
conductor GaAs at high electric fields. 
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Chapter 13 


Circuit Functions 


13.1 INTRODUCTION 


Some circuit functions which limit the performance of transferred electron 
oscillators are discussed in this chapter. No attempt is made to review circuit 
theory which is adequately covered in the texts generally referenced at the 
end of the chapter. Some effects have been covered elsewhere. For example, 
ideas of Q factor and circuit stabilization of frequency are discussed in 
Chapter 9 and basic cavity design at other appropriate points. 


13.2 LOCAL RESONANCES IN WAVEGUIDE Mounts" 


In many cases the circuits in which transferred electron oscillators are opera- 
ted are required to provide a range of mechanical tuning. This is normally 
achieved by the provision of a movable short-circuit plunger to alter the 
resonant frequency of the circuit in which the oscillator is placed. Normally 
the device performance is controlled by the cavity and operation of devices 
in high-impedance circuits can lead to good f.m. noise performance and 
high-frequency stability. The form of mounting most commonly used for 
waveguide oscillators is that shown in Fig. 13.1. In normal operation in 
this circuit, the frequency of oscillation of the device is approximately 
determined by the condition that the cavity length be an integral number of 
half-wavelengths long. By altering the cavity length we can tune the oscil- 
lator to any frequency in the band of interest if we remain in this mode of 


Kia. 13.1. Simple post in waveguide mounting. 
373 
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the cavity, and assume that the diode negative resistance is always adequate 
to match the load resistance presented to it by the circuit. When these con- 
ditions are met, oscillators can be made to have wide mechanical tuning 
ranges and good frequency stability. 

This simple waveguide circuit can also support modes of oscillation other 
than the waveguide modes described above. These modes are essentially 
resonances in the local region of the diode mount. They have lower Q than 
the waveguide mode and, in consequence, oscillator performance is degraded 
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Fra. 13.2. Tuning characteristics for cavities of various heights H ranging from full height 

[Fig. 4(a)] to fully reduced height [Fig. 4(f)]. Operation is at bias levels of 4—7 volts. Crosses 

on 4(f) represent theoretical tuning curve for assumed device capacitance of 0-04 pF. 
In (a){f), H = 7-9, 6°6, 5:3, 4:0, 2-7, 1-6 mm, respectively. 
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when their influence is felt; in some cases the performance is severely degraded. 
Furthermore their existence leads to a restriction in the mechanical-tuning 
range and encourages frequency switching and hysteresis effects. 

The effect of these modes or “local” resonances is illustrated in Fig. 13.2. 
This shows the variation of frequency with short circuit position in the 
waveguide circuit illustrated in Fig. 13.1 for various waveguide heights. 
In all cases it is clearly seen that the tuning “saturates” in short cavities and 
the saturation frequency increases with a decrease of waveguide height. 
Insight of these effects was gained by comparing the results with the opera- 
tion in a coaxial cavity. It was found that a coaxial cavity whose length was 
equal to the waveguide height supported oscillations at the corresponding 
saturation frequency. 
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Fic. 13.3. Frequency of transverse resonance as function of position of a package along the 
mounting post. Package is a local reduction in diameter of mounting post, as shown in inset. 


There are a number of possible local modes that could be excited around 
the diode mount and provide a seperate resonance independent of the posi- 
tion of the short circuit plunger in the waveguide. However, the above men- 
tioned observations indicate that the most likely one is a T.E.M. mode along 
the transmission line which has the mounting post as the centre conductor 
and the top and bottom waveguide walls as short circuit end planes. For 
this mode the resonance frequency will be a sensitive function of the wave- 
guide height as has been observed practically. 

If the frequency saturation exists within a required frequency band the 
above considerations show that it can be moved out of the band by a reduc- 
tion in waveguide height, providing the diode encapsulation resonance is 
at a high enough frequency. However, since the saturation effect is determined 
by the resonance of a T.E.M. mode, the same objective can be achieved by 
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altering the position of the encapsulation in the mounting post. By moving 
the diode off the bottom of the waveguide, the frequency at which the 
coaxial circuit resonates increases. Figure 13.3 shows a typical variation of 
resonant frequency with mounting position. 


13.3 OSCILLATOR DESTABILIZATION BY TRANSMISSION LINE DEFECTS 


Discontinuities in the output transmission line of cavity controlled micro- 
wave oscillators are well known to affect the stability of the oscillator and 
cause discontinuous jumps in frequency (the “‘long line”’ effect). A quantita- 
tive estimation of the effect of discontinuities which are not large enough to 
cause frequency jumping but could affect the oscillator frequency stability 
is given here. 


Cavity Transmission line 


Fic. 13.4. The equivalent circuit of a cavity and external discontinuity. 


A simple equivalent circuit was taken for the oscillator, cavity and output 
coupling as shown in Fig. 13.4. —Gy is the Gunn diode negative conductance 
which must be equal in magnitude to the sum of the cavity wall loss con- 
ductance G, and the load conductance reflected into the cavity through the 
transformer ABCD of turns ratio n, for steady state operation. Similarly 
the resonance condition is set by the sum of the diode and cavity susceptance 
B plus the susceptance reflected into the cavity from the external discon- 
tinuity. The matched load and discontinuity are assumed to be conductive 
and susceptive respectively. The simplest way of representing this combination 
is by a pure conductance terminating the transmission line at the mini- 
mum of the standing wave pattern with a magnitude to give the correct 
standing wave ratio. There will be a modification of less than quarter of a 
wavelength in the distance of the discontinuity from the cavity compared 
with the position of the equivalent conductance. 

The analysis is similar to that given for Q-measurements by a frequency 
pulling technique. 

If the output transmission line is perfectly matched (G = Yo) any change 
of diode susceptance, AB, from an unspecified fluctuation, causes a frequency 
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change Aq where: 


Ao = (sean) é (13.1) 


Any circuit defect which decreases 0B/dqm will increase the frequency fluctu- 
ation. 
Where G # Y, the normalised admittance at AB looking to the right is: 


G’ + jB" _ sl + tan? Qal)a)) + j(1 - s?)tan Qn) 


ee (1+ s?.tan? (27//A)] Oe) 


A is the wavelength in the output line and s(>1) is the standing wave ratio 
of the discontinuity. The total rate of change of susceptance with frequency 


is given by: 
OB 0B 1 OB’ 
da = A “als 13.3 
( he (5 fe cs n? (=) ( ) 
where the subscript 0 refers to the ideally matched case. By definition’?->): 
OB 2Yo 
coy a : 13.4 
(33), Won? Qe (13.4) 


where Q, is the external Q factor (1/Q, is equal to 1/Q,; — 1/Qo in ref. 13.2). 
Substituting from Eqn (13.2) into Eqn (13.3) and eliminating Y)/n? with 
Eqn (13.4) gives: 


@B\ _(@B\ (,__xl Se ae eee) 
(5) (as), | Oe [1 +s*tan?(2zl/a)]? 


total 


which has extreme values given by: 


es (se) titgr elt II. (13.5) 


From (€B/@®)min it is possible to define a circuit destabilization factor D 
given by: 


(s? — 1). (13.6) 


Practical examples of stabilization and destabilization 

For a practical example, in the measurement of frequency-temperature 
relations or f.m. noise of Gunn oscillators the output line is often padded 
with an attenuator or isolator with s ~ 1-3. A typical X-band oscillator in 
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an approximately half wavelength coaxial cavity has OQ, ~ 50 at full power 
output (Q, ~ 1000). If the measured characteristics are to be accurate to 
10% then //A must be less than 2:3. 

A second example is shown in Fig. 13.5 of a variation of f.m. noise with 
temperature. The cyclic behaviour recurred at approximately 140 MHz 
intervals of the centre frequency and was traced to the reflection from a 
PIN diode leveller at a distance of about 33 wavelengths from the oscillator. 
The line between the oscillator and PIN diode contained an isolator close 
to the oscillator but it had a poor isolation of approximately —15dB and 
the reflected power from the PIN diode was —15 dB corresponding to an 
effective standing wave ratio in the above analysis of 1-05. These values 
substituted in Eqn (13.5) give (0B/dm),,,, = 1:16 (@B/dw), and (0B/0@) nin = 
0-8 (6B/dw), so that the cyclic f.m. noise variation from Eqn (13.1) should 
be 36% discounting any other mechanisms. This is in good agreement with 
the variation in Fig. 13.5. 


R.MS. Frequency deviation 


-40 -30 -20 -l0 O 10 20 50 
Temperature (°C) 


Fic. 13.5. Variation of f.m. noise caused by external discontinuities. 
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Appendix 7 
Scattering Term for the One Phonon Process 


Equation (3.12) may be developed to a more convenient form for one 

phonon scattering processes. In thermal equilibrium in the absence of fields 
fk) 

( ot 

to the number scattered from k to k’. 
In this case Eqn (3.12): 


) = 0 and the number of carriers scattered from k’ to k is equal 
scatt 


) = YS, Wk) - Sk, 9/00) (3.12) 


becomes: 
S(k’, k) fo(k’) = S(k, k’) fo(k) (Al.1) 


where fo(k) is the thermal equilibrium distribution function. (Al.1) is an 
example of the principal of detailed balancing. For the electron concentrations 
to be dealt with fo(k) is known from the Maxwellian classical limit of the 
Fermi-—Dirac distribution function: 


Sol (k)] = exp (6 p/kT) exp (— &(k)/kgT). (A1.2) 


The above form for fo is chosen to indicate that it only depends on k through 
the energy &(k). Substituting (A1.2) in (Al.1): 


S(k’, k) = S(k, k’) exp [(@(K’) - &(k))/kgT | (A1.3) 


so that S(k’,k) is only equal to S(k,k’) if the scattering process involves 
no energy loss or gain by the electron. 

The one phonon scattering processes affecting the distribution function 
at k involves scattering either to or from the state k with absorption or 
emission of a phonon in each case. If the phonon energy is hw(q) (q is the 
phonon wave vector) then the state k (with energy &(k) is coupled to two 
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other states with energy &(k) + hw(q) by conservation of energy. Conser- 
vation of wave vector also requires that: 


ki’ —-k=q (A1.4) 


Using the above considerations it can be shown (see ref. 3.39) that the 
scattering probability may be written in terms of a coupling coefficient 
P(k’, k) and a phonon population term: 


phonon 
N(q) 6(&(k)—&(k’) + har(q)) absorption 
S(k’, k) = P(k’, k) x (A1.5) 
(N(q)+ 1) 6(6(k) -—€(k’) —h(q)) | phonon 
emission 


N(q) is the number of phonons with wave vector (q) and the 6-function is 
included to indicate that the scattering probability is only non-zero if the 
overall energy is conserved. 6 = 1 if its bracketed term is zero otherwise it 
is zero. Equation (A1.5) is plausible for the “weak” scattering events such 
as concern us here in that it indicates the proportionality of the total scatter- 
ing probability to the number of phonons present. 

By substituting the thermal equilibrium distribution per unit volume 
of the phonons: 


N(q) = {exp (heo(q)/ksT) — 1}7? (A1.6) 


in (A1.5) and then substituting the result in (A1.3) noting that the transition 
k’ to k involves phonon emission and k to k’ involves phonon absorption 


or vice versa: 
P(k’,k) = P(k,k’). (A1.7) 


Calculation of the scattering probabilities has been reduced to the calculation 
of one coupling coefficient. Equation (3.12) may now be written in simpler 
form with all scattering possibilities explicitly included: 


Gr 


- = 5 PU KILN (@ Ak) — (N(a) + 1)} 8(60) — 6k”) — heo(q)) 
— {N(q) fk) — (N@@) + 1)f()} 6(F(K’) — EK) — heo(q))] (AT-8) 


Appendix 2 


The Relaxation Time Approximation 


The Boltzmann equation is an integro-differential equation whose solution 
is generally exceedingly difficult. In this appendix we consider some simpli- 
fying conditions under which the equation may be converted to a linear 
differential equation for the distribution function whose solution is, in 
principle, simple. The objective is to find, at each point of k-space, conditions 
under which the non-spherically symmetric part of the distribution function 
caused by external fields relaxes to its equilibrium condition at a rate deter- 
mined only by the deviation from spherical symmetry at that point of 
k-space. 


oe ae a! — (fk) — f(6)) 


J) is the distribution function and f(é) is its spherical symmetrical part. 
Under the above circumstances the relaxation is exponential after removal 
of the perturbing field. 

The solution will only be considered in a band structure with spherical 
constant energy surfaces which are not necessarily parabolic. The extension 
to non-spherical constant energy surfaces has been considered by Herring 
and Vogt (see ch. 3, ref. 25). In addition to this first condition the distribution 
function is assumed to be approximately spherically symmetric in k-space. 
This second condition will apply at low electric fields when the disturbance 
of the distribution function from its thermal equilibrium value is small and 
also for high electric fields when the electron scattering mechanisms are 
approximately elastic. In the latter case the momentum randomizing collisions 
experienced by the electron do not appreciably alter its energy and the elec- 
trons are redistributed around a constant energy surface in k-space, so pre- 
serving the spherical symmetry if the scattering is not predominantly forward 
or backward. Customarily, in the above two cases, the distribution function 
is expanded in a Legendre polynomial series in k-space which is truncated 
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after the first two terms i.e. 
SK) = f(E) + g(&).cos6 + (0). (3cos? 6 — 1) (A2.1) 


The functional dependence of the first two terms f(&) and g(@) on the 
electron energy & indicates the essential spherically symmetric form of these 
terms. 6 is the angle between k and the electric field. The condition of approxi- 
mate spherical symmetry overall also implies that g(&) < f(&); a necessary 
condition for truncating the series. 

The justification for the Legendre polynomial expansion is principally 
expediency. The individual terms are conveniently orthogonal and Yamashita 
and Inoue (see ref. 3.35) have shown that the third term of the series is much 
smaller than g(&) when g(€é) < f(&). Hopefully this indicates the convergence 
of the series. 

When the above conditions on the distribution function are satisfied the 
scattering term, (3.12) in the Boltzmann equation has a trivial simplification 
if either of the two following conditions on the scattering mechanisms are 
met. 


(a) Random scattering. 


When the electron velocity is randomized upon collision, the scattering 
term is of the following form: 


S(k, k’) = S(k, k’*) (A2.2) 
where k’* has the same magnitude as k’ but the opposite direction with 
respect to the position of the energy minimum in k-space. Under this con- 


dition Eqn (3.12) simplifies easily by substituting (A2.1). The relative position 
of the states in k-space are illustrated in Fig. A2.1. 


Cees ofan 


= 2 [/(8") S(k’, k) ~ f(@) S(k, k’) 
+ g(&') S(kK’, k) cos 8’ — g(@) S(k,k’)cos@] (A2.3) 


where the prime refers to state k’. 
Application of the thermal equilibrium conditions to the scattering 
Eqn (3.12) gives: 
fo(8") Sk’, k) = fo(6) SC, k’) (A2.4) 


so that (A2.2) may be rewritten as 
S(k’, k): = S(k’*, k). (A2.5) 
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For the summation of Eqn (A2.3) k-space is conveniently divided in two 
halves in which cos @ is respectively positive and negative. Now the third 
term on the right-hand side of (A2.3) is seen with the aid of (A2.5) to contri- 
bute two parts which are equal in magnitude but opposite in sign. 


Electric 
field 


Fic. A2.1. Representation of k states in k space between which the scattering probability is 
the same (k to k’ or k’*) for velocity randomizing scattering events. Circles are cross-sections 
of constant energy surfaces. 


Equating separately the coefficients of the spherically symmetric and 
angular terms we have the following two relationships: 


( a i BLIGE) SH K) — FE) SKK) (A2.6) 
a(6)\ 
(SP) = — «OZ se 49 
__ 9g) 
a Ey (A2.7) 


The scattering term of (A2.6) is non-zero if f(@) is perturbed from its thermal 
equilibrium value, i.e. 

f6') , folé') 

fE@)  folé) 


The drift term of the scattering term has the relaxation time form. 


(b) Elastic Scattering. 


In this case electrons are scattered between states on the same constant 
energy surface and a relaxation time can be defined when the scattering 
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depends only on the angle between the initial and final k-states and not on 
their absolute orientation in k-space. The principle of detailed balancing 
applied for thermal equilibrium (f9(k’) = fo(k) for elastic scattering) shows 
that: 

S(k’, k) = S(k, k’). (A2.8) 


Introducing the approximation of (A2.2), the Boltzmann scattering term 


(ae ) Se EI SEK) — £0) SKY] (3.12) 
becomes: 
Of(E 
( e \ gs ( a Nes S08 Y= »9(6) 7 S(k, k’)(cos @’ — cos 6) (A2.9) 


where 6’ and @ are respectively the angles corresponding to k’ and k. The 
first part of this summation is carried out with the aid of Figs A2.2 and 
A2.3. The latter is a view of the former down the axis CD. k states are 
uniformly distributed over the spherical constant energy surface of Fig. A2.2, 
and we will consider the summation for all states with the same angle 
y = 0 — 0’ between k and k’. S(k,k’) is now written as S(y) and noting 
that 


projection of k’ on electric field axis 


cos @’ = 
[k’| 


Electric 
field 


Fic. A2.2. k space representation of states in an equatorial plane between which elastic 
scattering occurs. The circle is a cross-section of a constant energy surface. 
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we have 

fs |k’| cos a. cos 8B . sin 9 + |k’| sina cos 0 

cos 0 =~ — 
Ik’| 
but oe ; 
— 5) y- 

Therefore 

cos 9’ = sin y cos B sin 8 + cos y cos 0 (A2.10) 


and (A2.9) becomes:— 


( a) : ( ae ie ue La) Sa) ): (cos poercee 8) 


= g(&) cos 6) S(y) (cosy — 1). 


The summation over f caused the first term on the right-hand side of (A2.10) 
to disappear. 


Great circle of 


-_- > constant energy 
aie ta ai ee 


Fic. A2.3. View of A2.2 down axis CD, 


Now we have 


(4) =0 as expected 
and 
(22) = 96) ¥ 8G) (cosy - 0 
Ot / scat 7 


_ g@) 
=a" (A2.11) 


Appendix 3 


Finite Difference Computation of Transferred 
Electron Problems in One Dimension 


The operation of transferred electron devices is dictated by the following 
equations: 


Poissons equation 
OE 
&& — = e[n — N]. (A3.1) 
Ox . 
Continuity equation 


a (A3.2) 


where j is the particle current density given by: 
: ed 
j = nev — —(nD). (A3.3) 
Ox 


The electronic charge, e, is regarded as positive for convenience to avoid 
negative fields, following an often used convention. E is the electric field, 
n is the electron density, N is the donor density, ¢ is the time coordinate 
and x is the one-dimensional space coordinate. v and D are the drift velocity 
and diffusion coefficients which are assumed to be instantaneous known 
functions of the electric field so that no account is taken of relaxation effects 
in the electron momentum distribution function. 

The above equations are non-linear owing to the dependence of v and D 
on the electric field and their analytical solution is only possible in circum- 
stances limited by approximation. Their solution under more general 
circumstances is possible with a finite difference numerical method and a 
digital computer. The treatment here is only for illustration and the reader 
with detailed requirements should consult the references. 
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The device under consideration is divided into cells of finite width in 
space. The charge and field quantities are regarded as constant in each of 
these cells and are evaluated at regular time intervals. If the cells in time 
and space are small enough the solution will be a good approximation to 
the exact solution. In the following notation the index 7 will identify a 
space cell and k will identify a time cell. A simple central difference version 
of a first order differential of a quantity f, could be: 


(=) _ fli+1,4)-fli- 1k) 
ij 


as he (A3.4) 


where Ax is the width of the space cell and f[i + 1, k] is the value of f in 
cell i+ 1 at time k. 

One loop of the computed evolution of E and n will now be described. 
Let us assume the x[i, k] are all known at the time k, either because these 
are input parameters at the start of the calculation or because the appro- 
priate part of the program has been reached. From Eqn (A3.1) 


Cae Eli + 1,4] ~— Eli—1,k] _ nLi, kK] — NUi] (A3.5) 

e 2Ax 
N[i] is the known doping profile peculiar to each calculation. Providing 
the value of E is known in the two cells at one end of the device it is possible 
to evaluate the electric field profile by recurrent use of Eqn (A3.5). The 
end values of E are then dictated by the boundary conditions which may, 
for example, require that the device contacts are ohmic and relate E there 
to the total current density which is 


E{i,k] — Eli,k — 1] (A3.6) 


1] m 
me > jlik) + e&. ae 
and must be continuous throughout the device. The averaging procedure 
in (A3.6) is necessary to reduce finite difference errors. There are m space 
cells in the device. Note that the difference form of 0E/0t is not that given 
in Eqn (A3.4). Further comment on this point is made later. 

After evaluation of all the E[i,k] the terminal voltage, V[k], may be 
evaluated: 


Vid = Ax 3 ELK) (A3.7) 
‘=1 


V[k] is compared with the voltage, VC[K], demanded by the circuit boun- 
dary condition and all the E[i,k] are corrected to give equality of V[k] 
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and VC[k]. 


ie. ELi,k] > Efi,k] + (A3.8) 


VC[k] - i 
m. Ax 


VC[k] is either a known function of time (i.e. of k) or if a known circuit 
is connected across the device terminals it is equal to VC[k — 1] plus the 
transient response of the circuit to the change of total current from time 
k—1tok. 

The corrected values of E[i,k] may now be used to evaluate v[i, k] 
and D[i, k] and ni, k + 1] is evaluated from Eqns (A3.2) and (A3.3) as 
follows: 


nik +1) —nfik] — nit 1k).0o08+ 4) - nfi- 1,4). off - 1,4) 
At 2Ax 


_ MEE). Dib 1k) Daft) DUD nf PEED (59 


The entire process may then be repeated for time step k + 1 to k + 2. 

The limits on the dimensions of Ax and At may be derived from simple 
physical considerations. For example the electron velocity should not change 
too much between neighbouring space cells, i.e. 


Av < v. 


But ae 


Av = ——AE 
OS aE 
and from Eqn (A3.1) it is seen that: 


JAE| < Ax 


ne 
Eg 


ne dv 
— —A ; 
&&) dE oie 


ie. Ax < vt (A3.10) 


t is the dielectric relaxation time and this condition is simply that Ax must 
be less than the dielectric relaxation length. 

A similar diffusion limit may be derived by considering a narrow depletion 
layer (usually occurring at the anode contact) in a device with a stable 
electric field configuration (dn/ét = 0). It is necessary that the electron 
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density cannot become negative. Three neighbouring cells are chosen with 
equal n in the outer ones. From Eqns (A3.2) and (A3.3) we have: 


dv dE ~—dD@?n 


"GE dx ox?” 
The variation of D with E has been neglected here and dn/dx is zero 


when taken between the outer two cells. If the depletion is An(= N — n) 
then: 


a’n — 2An 
Ox’ (Axy 

and OE Pe. 
OX|max €& 


Physically An <n 
_ (Ax) n dv e 


c“pdk an 


ie. Ax < /Dt. (A3.11) 


The factor of ./2 has been omitted. ./Dzt is the debye screening length. 
Limitations on the time step are obtained in a similar way. In Eqn (A3.9) 
we must have: 
n{i,k + 1] — afi, k] 


1, 
ni, k] * 


For this to be true the velocity term and the diffusion term must both be small. 


; Ax 
1.€. Ae > v. (A3.12) 
and 2 
oe > D. (A3.13) 


Typical values of Ax and At that have been used in practice are: 
Ax = 107-5cm 
At = 10713 sec 


N = 10!5cm73 
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v and D are approximately 10’ cm/sec and 200cm?/sec respectively. The 
dielectric relaxation time is greater than 1071? sec so that the dielectric 
relaxation length is greater than 10~5cm and the debye screening length 
is greater than 1-410~* cm. 

The computational technique described above causes the space charge 
and electric field details to evolve steadily in time. It is an explicit technique 
because parameters at time k + 1 are explicitly related to those at time k. 
In order to achieve this it was necessary in Eqn (A3.6) to write the finite 
difference form of 0E/dt as a forward difference and not as the more accurate 
central differences used for the space steps. Accuracy is obtained by re- 
ducing the step length until the solution is not dependent on it. This is both 
time consuming on the computer and somewhat unsatisfactory mathematic- 
ally. It is possible to use implicit techniques which involve correction of the 
field dependent parameters and electron density at the forward time step 
by relating their values to neighbouring values forward in time. Such an 
approach allows much larger time steps than the explicit approach but 
requires an approximation of some quantities. As a result an interactive 
calculation at each time step is required until all values have converged 
and are self consistent. The extra computing time for the iterations can 
annul the advantage of longer time steps. Even though the technique can be 
shown to have better stability than the explicit techniques, the additional 
complexity with little time advantage has hindered its use. 

Once a computer simulation has been programmed checks of its validity 
are required. These can be carried out by using operating parameters that 
will allow the achievement of modes close to the analytical approximations 
described elsewhere. The stable domain parameters of Butcher and Fawcett 
discussed in Chapter 4 give a check of detailed space charge evaluations. 
The L.S.A. mode and instantaneous domain calculations of cavity controlled 
modes allow a further check for a dynamic terminal voltage, even though 
the latter may be prohibitively long when suitable parameters are used to 
allow a good approximation to instantaneous domain formation. 
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Resonant scattering, 71 
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Satellite valley, 59, 63, 72 

Saturated drift velocity, 49 
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Scattering probability, 65, 380, 381 

Schridinger wave equation, 13 

Semi-insulating GaAs, 316 
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Space charge growth, 7, 173-181, 188 
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Space-charge scattering, 70, 83 

Space charge waves, 101, 207 
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Square wave, 144 
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Standing wave, 197 
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Temperature effects, 299 
Ternary compounds, 360 
Thermal conductivity, 278 
Thermal constants, 283 
Thermal design, 276-284 
Thermal gradient, 256 
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Transferred-electron effect, 4, 57 
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Valley population, 76 
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Water vapour epitaxy, 318 
Wave function, 14 
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